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Abstract
3D-Printing midsoles with lattice structures have a foam-like cushioning behavior but, besides,
permit a high grade of customization in geometry and cushioning properties. These charac-
teristics are particularly interesting in running shoes for professional usage. Despite the huge
potential of this type of midsoles, the literature reveals that relatively little is known about cush-
ioning properties towards lattice structures in footwear design. Consequently, this research aims
to narrow this research gap and perform an objective and subjective research into the discomfort
perceptions towards the 3D-printing midsoles.
To this aim, cushioning properties of lattice structures printed with SLS-printed have been sim-
ulated with finite elements and tested with an impact tester. From the different options of lattice
structures, two different typologies have been selected for the fabrication of two pair of shoe
prototypes. Moreover, a subjective test will be performed among runners in order to compare
the discomfort perception differences between the different prototypes.
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1 Introduction
1.1 Context
The manufacturing industry has changed of paradigms throughout history, in order to adapt
to the market and society necessities with the available technologies. The first manufactur-
ing paradigm was the craft production, in which each product was designed for an individual
customer. Henry Ford developed in 1913 the mass production, in which a limited variety of
products reduced the cost of production. In the 1980s the society desired a more extensive va-
riety of products. For this reason started the mass customization, in which the customer could
choose between different available options before the production. In the last years emerged the
personalized production, where the customers are actively involved in the design of his product
(Koren, 2010). In this production strategy, the product cannot be fabricated before the customer
details its requirements. In this case, the production and delivery times become more critical
in order to offset the lack of stock. As a consequence, the personalized production leads to a
change of the fabrication country, from low-wage countries to countries in which the product
will be sold. Therefore, a high-automatized process is essential to reduce the manufacture costs.
The majority of European consumers are interested in personalized shoes. A relevant number
of customers (46% men and 42% women) would buy a personalized shoe for an additional cost
of 10% to 30%. However, the number of customers that would be interested in a personalized
shoe with an additional cost of the 30% or more is much lower (12% men and 18% women)
(Piller, 2002). This study shows that the additional price of personalized shoes should be below
30%. The main problem of the personalized shoes is the additional cost that the customization
implies. It increases not only on account of the complexity of the foot measurement and design
of the personalized shoes but also on account of manufacturing costs caused by the economies
of scale (Xiong, Zhao, Jiang, & Dong, 2010). Nevertheless, new technologies such as additive
manufacturing (with 3D-printing) and the improvement of the 3D-scanning tools could reduce
the price of manufacturing and measurement for personalized shoes. Currently, some manu-
facturers offer shoes with different types of personalization (Berry, Wang, & Hu, 2013). The
first type focuses on the personalization of the color scheme of the upper, such as Nike® (Nike
iD), Adidas® (Adidas Custom) and Reebook® (Reebok Custom). The second type focuses on
the geometry of the foot of the costumer, such as Salomon® (Salomon Mesh), which personal-
ize the upper of the footwear and Feetz®, a start-up of personalized shoes manufactured with
3D-printing.
The midsole is the part of the running shoe, which is responsible for the cushioning of impact
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force during running (Horvais & Samozino, 2013; Theisen et al., 2014a). Nowadays, there exist
different foam materials and technologies, that permit the customer to choose which shoe suits
better its requirements, such as weight, footstrike pattern, ground surface or training frequency.
This business model corresponds to the mass customization. However, additive manufacturing
could lead to personalized production in this part of the shoe. For the 3D-printing midsoles is
used a flexible material with a lattice structure, which has a foam-like cushioning behavior. This
type of structure has the advantage of modifying their mechanical properties by changing the
structure design. By using additive manufacturing, the fabrication of different geometries does
not imply an increase in the manufacturing cost. Hence, this technology allows personalization
midsole shape and cushioning properties. Personalized 3D-printing midsoles for professional
runners could be a revolution in the footwear industry. For this reason, the vast majority of
running shoes manufacturers are currently investigating in 3D-printing midsoles (Luna, 2013).
The development of the personalized 3D-printed midsoles can be divided into five phases, which
constitute different research areas. The first phase is the measurement of the foot. To this
effect, there exist various measurement systems, such as deformable insoles, footprint systems,
scanning systems, and pressure systems. The measurement tools provide data, which can be
generally classified into foot geometry and plantar pressure. The second phase consists of
identifying different parameters from the obtained data. For this purpose, it is essential to
determine which parameters affect the runner’s perception and running performance. Once the
parameters are quantified, the midsole has to be designed. Two different fields can be modified;
the midsole geometry and the midsole stiffens. The next phase is the 3D-printing of the midsole.
There exist different 3D-printing technologies. Each of them permits printing with different
materials and has its specific characteristics, which must be contemplated for the design of the
midsole. Once the midsoles are manufactured and assembled with the upper and the outsole, the
prototypes can be tested. Multiple aspects can be analyzed by testing. Examples include general
comfort, areas of comfort, fit, running-related injuries and running economy. The phases for the
development of the personalized 3D-printed midsoles are illustrated in figure 1.1.
MEASUREMENT
1 2 3 4 5
PARAMETERS DESIGN 3D-PRINTING TESTING
Figure 1.1: The phases for the development of the personalized 3D-printed midsoles.
According to runners, comfort is the most important criteria in the buying of a shoe. It is
generally believed that cushioning affects the discomfort perception of the running shoes. Nev-
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ertheless, there is controversy in this aspect. Some studies that deny this relationship between
comfort and cushioning. The adaptation of the runners’ movements on the stiffness of the mid-
sole could be the explanation because most investigations do not find a relationship between
stiffness and general comfort. However, apparent comfort differences have been observed be-
tween the different cushioning technologies (Dinato et al., 2015). Additive manufacturing tech-
nologies used in the midsoles of running shoes is relatively new. So far, there is no published
study related to the effect of 3D-printing midsoles on the discomfort. For this reason, the re-
search in this field is of great interest to the department of sports equipment and sports materials
and the footwear industry.
1.2 Aim and Objectives
3D-Printing midsoles with lattice structures have a foam-like cushioning behavior but, besides,
permit a high grade of customization in geometry and cushioning properties. These charac-
teristics are particularly interesting in running shoes for professional usage. Despite the huge
potential of this type of midsoles, the literature reveals that relatively little is known about cush-
ioning properties towards lattice structures in footwear design. Consequently, this research aims
to narrow this research gap and perform an objective and subjective research into the discomfort
perceptions towards the 3D-printing midsoles.
The objectives of this research are expounded in the following list:
− Review the literature concerning midsole design, foot measurements, cushioning proper-
ties, lattice structures, additive manufacturing and measurement of discomfort.
− Investigate the cushioning properties of the midsoles for running shoes.
− Investigate the cushioning properties of the lattice structures fabricated with additive man-
ufacturing as well as compare the cushioning properties of different lattice structures.
− Develop a lattice structure with similar cushioning properties to the midsoles of the run-
ning shoes.
− Compare the discomfort perception among runners of a midsole manufactured with lattice
structure and a traditional foam midsole.
4 1 Introduction
1.3 Contents
The purpose of the second chapter is to give a general understanding of running footwear design,
cushioning, lattice structures, additive manufacturing, and discomfort measurement. In chapter
three the initial hypotheses are formulated. The fourth chapter describes the used methodology
for the study of the cushioning properties of the lattice structures and the perceived discomfort
of the 3D-printing midsoles among runners. The fifth chapter summarizes the result data of the
impact tester for the different 3D-printing lattice structures, trail running midsoles and analy-
ses the results in order to select two lattice structures for the fabrication of the midsole. The
sixth chapter summarizes the results of the subjective comfort of the different midsoles among
runners. In this chapter are also analyzed the results in order to identify trends in comfort be-
tween the different midsoles. Chapter six relate the results of midsole mechanical properties
and comfort perception achieved in chapter four and five.
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2.1 Running Shoes
2.1.1 History
Footwear was invented by the ancient civilizations about 15.000 years ago. These first shoes
had the task to protect the food from rough surfaces, snow, and low temperatures. By 300 years
b.C., the Greek and the Roman began to use a different type of shoes for diverse situations. The
shoes had then not only a protective purpose but also were part of the ordinary clothing. The
first sports shoes appeared in 1852. They were made of leather and had spikes made from wood.
In 1916 arose the company Keds, which made the first sports footwear from canvas and rubber
soles. The running shoes have less than 50 years of history. The practice of running appeared in
the 1970s as a popular competitive and recreational activity. Nike designed the first specialized
shoe for running in 1972. This shoe added some cushioning in the rearfoot for a more com-
fortable rearfoot strike (RFS). In the 90s came a revolution in running footwear design with the
onset of air chambers. Since then, running footwear has evolved considerably. Nowadays, run-
ners can choose their suitable shoes according to their weight, stride, and technique. In the last
decade, it is being questioned if landing with the rear-foot is an appropriate technique and there-
fore minimalistic running shoes appeared (Stearne, Alderson, Green, Donnelly, & Rubenson,
2014). (Pribut & Douglas, 2002; B. Nigg, Baltich, Hoerzer, & Enders, 2015)
2.1.2 Anatomy and characteristics
The running shoe is divided into three main parts: outsole, midsole and upper, as shown in
figure 2.1. Each part is composed of several elements, which may or may not be present.
Upper
Midsole
Outsole
Figure 2.1: Three main parts of a running shoe: outsole, midsole and upper.
The upper is the part that fits the foot into the shoe. Moreover, upper can have control elements,
such as plastic reinforcements, threads or the logotypes of the running shoe arranged between
the eyelets and the midsole, which help to keep stability during the strike. This part also has
impermeability, transpiration, drainage and reflection requirements.
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The outsole is the part that contacts with the ground. Its most remarkable specifications are grip
and durability. Frequently, increasing the grip leads to a decrease in the outsole durability.
The midsole is the part which joins the upper and the outsole. The midsole is the part of the
running shoe that has been more investigated and on which this project is based. In the following
list are described its requirements. (Clifton et al., 2011; Roche, 2017)
− Cushioning: the capability of the running shoe to absorb the impact energy. It depends
on the stiffness of the running shoe.
− Propulsion: the capability of the running shoe to return the elastic energy in the propulsive
phase.
− Transition: the capability of the running shoe to bring the impact pressure from the rear-
foot to the forefoot.
− Dynamic support: the capability of the running shoe to guide the foot movements of the
runner through the morphology of the midsole.
− Stability control: the capability of the running shoe to avoid an excessive movement
normally in pronation direction.
− Torsion control: the capability of the running shoe to avoid the movements in the torsional
axis.
Clifton et al. (Clifton et al., 2011) studied the importance of performance attributes for the
design of running shoes. They observed that the most important performance attribute for male
and female runners was cushioning (impact absorption) and cushioning consistency. Their re-
sults are summarized in table 2.4.
Table 2.1: Importance of performance attributes for different genders (Clifton et al., 2011).
Male Female
Performance Attribute Importance Performance Attribute Importance
1 Impact Absorption 8.5/10 Cushioning Consistency 8.4/10
2 Stability 8.4/10 Traction 8.3/10
3 Outsole durability 8.4/10 Outsole durability 8.2/10
4 Cushioning Consistency 8.1/10 Impact Absorption 8.2/10
5 Shoe Weight 8.0/10 Shoe Weight 8.2/10
Diverse factors should be taken into account for a suitable selection of the running footwear.
This factors can be divided into intrinsic and extrinsic characteristics. The intrinsic character-
istics are related to the runner, such as the type of stride, the morphology of the foot and the
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weight and characteristics of the runner. The external characteristics are external to the runner,
such as the training frequency (km/ week), the level of the runner, the ground surface and the
loyalty to a company. (Fernandez, 2017)
2.1.3 Midsole design
Studies demonstrate that midsole geometry and cushioning influence on the running kinematics
(see section 2.3.2). This influence is one reason why the midsole has an important role in run-
ning footwear design. The material of the midsole affects the durability, weight, and mechanical
properties.
Midsoles have complex 3D geometries. Nevertheless, investigation studies and shoe manu-
facturers have standardized some parameters in order to compare different running shoes. In
figure 2.2 is exemplary represented the section for the mid vertical plane of a midsole, in which
are shown the most important midsole geometry dimensions (Germani, Bernabeu, Mandolini,
Mengoni, & Raffaeli, 2012).
H
h
∆
h
L
AP
RA
Figure 2.2: Section for the mid vertical plane of a midsole. Minimal hell height (Hh); drop
(∆h); total lenght (L); position of the apex (AP); rocker angle (RA). Based on
(Germani, Bernabeu, Mandolini, Mengoni, & Raffaeli, 2012)
The thickness of the midsole has a relevant effect on the foot-strike pattern during running.
Horvais and Samozino (Horvais & Samozino, 2013) studied the acute effects of minimal hell
height Hh and the drop ∆h. They found a correlation between Hh and ∆h with the foot angle
ground contact. By reducing the Hh and ∆h, the foot angle decreases. This reduction leads to
induce an alteration from rearfoot to midfoot foot-strike.
The apex point (AP) is the area of the midsole in which, when the pressure center reach this area
the rear part of the shoe pushes the rearfoot upwards. The rear positions of this area favor the
propulsion phase and therefore increase the cadence (Hutchins, Bowker, Geary, & Richards,
2009). The rocker angle is the inclination of the forefoot regarding the ground plane. Sobhani
et al. (Sobhani et al., 2013) observed that the rocker angle reduces the internal plantarflexion
moment in the running. This moment loss reduces the load of the Achilles tendon and can be
attractive to manage Achilles tendinopathy.
8 2 Literature Review
2.1.3.1 Minimalist shoes
Owing to the popularization of the book, Born to Run: A Hidden Tribe, Superathletes and
the Greatest Race in the World by Christopher MacDougal, many athletes changed in the last
decade to the fore-foot technique. This book underpins the principle that our species is bio-
mechanical adapted to endurance running. Consequently, several running footwear manufac-
turers have promoted the minimalist sneakers (Murphy, Curry, & Matzkin, 2013). This type of
shoe has a protective purpose, but a lack of cushion. In other words, the minimalist shoes have
a very thin midsole without a drop.
Running barefoot induce to a change of the technique from rear-foot strike to fore-foot strike
(Bonacci et al., 2013). This change of stride influences the running yield in several aspects:
the cadence increases (2− 2,5%), the vertical displacement of the center of gravity (COG)
decreases (' 50mm), the strike length decreases, the ground contact time decreases and the
flight time increases (Bonacci et al., 2013; Vincent et al., 2014). From a bio-mechanic point of
view, barefoot running favor the proactivation of the rectus femoris, gastrocnemius muscle, and
the biceps femoris. It also increases the gastrocnemius muscle and the biceps femoris activity
(Shih, Lin, & Shiang, 2013). Barefoot running also decreases the knee flexion and the pronation
(de Wit & de Clercq, 2000). In the propulsion phase, there are no differences between barefoot
and rear-foot shod pattern (Shih et al., 2013). Despite the apparent benefits of barefoot running,
for the same condition of weight, running shod has a lower metabolic cost and therefore lower
oxygen consumption (J. R. Franz, Wierzbinski, & Kram, 2012).
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2.2 Foot Measurements
The human foot is a very complex biological structure. Each foot involves 26 bones, 33 joints,
muscles, tendons and ligaments (Goonetilleke, 2013). The morphology and position of these
components vary from an individual to another and for different populations, like age, body
mass, gender and region of provenance (Dowling, Steele and Baur, 2001; Manna et al., 2001;
Fessler et al., 2005; Menz and Morris, 2005). Therefore, the measures of the foot are relevant
for the footwear design. The different measures of the foot can be divided into two groups:
dimensions and foot pressure.
2.2.1 Foot Morphology
The fit is one the most relevant cause of footwear comfort and discomfort (Witana, Feng, &
Goonetilleke, 2004). For this reason, foot morphology measurements are relevant for the design
of the midsole. Sizing systems are based on the foot length. That is why foot length is the
common measurement to determine the size of the appropriate shoe (Goonetilleke, 2013). On
a few occasions, it is possible to select between different widths, which can be denoted with
"narrow," "regular" or "wide" or indicated using the Brannock Device (Brannock, 1929).
Footwear and last developers base their designs on statistical measurements of the foot mor-
phology. They study relevant anthropometric dimensions and establish relationships between
them and the foot length. These relationships are regression models, which does not necessar-
ily be linear. For example, foot width and foot length do not have a proportional relationship
(Dowling, Steele, & Baur, 2001; Manna, Pradhan, Ghosh, Kumar Kar, & Dhara, 2001; Cabrera,
Tsui, & Goonetilleke, 2004; Fessler et al., 2005; Hill, Naemi, Branthwaite, & Chockalingam,
2017). Normally, the allometric expression is used for investigating the dimension relationship.
Allometric follows the next equation:
Y = αXβ (Equation 2.1)
where Y is the morphological measurement, X is the related measurement, and α and β are
scaling parameters. (Xiong, Goonetilleke, Witana, & Lee Au, 2008) Finding the relationship
between dimensions is a challenging task since they vary from age, gender, country and body
mass (Menz & Morris, 2005). Another problem is that the relationships can be weak and does
not good predict the foot dimensions (Xiong et al., 2008). This drawback could be resolved
with the customization of the footwear, which is facilitated by the additive manufacturing.
The foot is a flexible organ, which changes his morphology depending on the loading con-
ditions. This means that the foot dimensions variate between a non-loaded foot or a loaded
static or dynamic foot. Static and dynamic foot measurements must be taken into account for
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the footwear design (Barisch-Fritz, Schmeltzpfenning, Plank, & Grau, 2014). Cavanagh et al.
found in their study (Cavanagh et al., 1997) that the variation of a small number of anthro-
pometric dimensions can explain the variance in plantar pressure under the hell and the first
metatarsal head during walking. Blenkinsopp et al. (Blenkinsopp, Harland, Price, Lucas, &
Roberts, 2012) presented a method to analyze the foot surface shape and deformation during
running based on digital image correlation (DIC).
2.2.1.1 Relevant measurements
For the design of the midsole, the measurement of the footprint dimensions is crucial. Kouchi
(Kouchi, 2003) defined different landmarks. The most important landmarks are sumarized in
the following table 2.2 and shown in figure 2.3 (Goonetilleke, 2013).
Table 2.2: Most important landmarks of the sole of the foot (Goonetilleke, 2013).
Lengths Widths
Foot length (FE-FT1) Ball-of-foot width (B1-B5)
Ball-of-foot length (FE-B1) Ball-of-foot width (B1-B5 )orth.
Outside ball-of-foot length (FE-B5) Hell width (HW1-HW2)
Toe length (BM-FT2) Hell width (HW1-HW2)orth.
Plantar arch width (AW1-AW2)
F
T
1
A
W
1
A
A
B
A
A
W
2
H
W
1
H
m
F
E
H
W
2
B
1
B
5
B
M
A
P
F
T
2
Figure 2.3: Most important landmarks of the sole of the foot (Goonetilleke, 2013).
2.2.2 Plantar pressure
The stride pattern of the runner has a relevant influence on the plantar pressure. This effect
is particularly evident in the comparison of ground forces. The ground force corresponds to
the integral of the pressures in the foot area. RFS generates an impact transient on the heel
region. In contrast, FFS does not generate this impact transient. This influences the mean
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rate of loading, which is considerably bigger in RFS. For shod runners with RFS, the impact
transient is sensitively reduced. More evident is the decrease in the mean rate of loading for
running shod with an RFS in comparison to barefoot, it has similar results to running with an
FFS technique. (Lieberman et al., 2010)
Time t
 
[s]
Rear-footFore-foot
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0,8
1,6
2,4
0,1 0,2 0,3 0,4 0
0
0,8
1,6
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Barefoot
Shod
0,4
Figure 2.4: Vertical ground reaction forces for one foot strike at 3,5 [m/s] in the same runner
(Lieberman et al., 2010).
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2.3 Cushioning
Shoe manufacturers use different technologies for absorbing the impact energy during running.
With a larger energy absorption, it is possible to reduce the maximum impact force, which
can be a source of discomfort or running-related injury (RRI). Midsoles for sport footwear are
usually made from foam materials or elastomer materials. In the table 2.3 are summarized
the cushioning technologies of the principal sneaker manufacturers. Shoe manufacturers use
different materials to achieve different cushioning properties. Another possibility is to variate
the midsole geometry, to combine different materials, to use lattice structures or to add air
chambers in order to enhance better-cushioning properties.
Table 2.3: Cushioning technologies of the principal sneaker manufacturers
Adidas® Materials: UltraBoost™, Adiprene™, Bounce™, Cloudfoam™
Systems: Formotion™, Geofit™, Futurecraft 4D™
Asics® Materials: Flytefoam™, SpEVA™, Gel™, SEW™
Systems: FluidRide™ , IGS™, Duomax™, Two Density Midsole™
Brooks® Materials: DNA™, MoGo™, BioMoGo™ S-257 Cushsole™
Systems: Hydroflow™, Pivot™, BRS™
New Balance® Materials: FreshFoam™, Encap™, Abzorb™, Acteva™, C-CAP™, Cush+™,
N-Ergy™, Revlite™
Newton® Systems: P.O.P™
Nike® Materials: Flyknit™, React™, Lunarlon™
Systems: Zoom™, ZoomX™, Air™, AirMax™, Free™
Mizuno® Systems: Wave™
Saucony® Materials: Powerfoam™, IBR+™, Superlite™ EVA
Systems: PowerGrid™, PowerGrid+™, Dual Density SSL™
Under Armor® Materials: UA MICRO G™, UA Hovr™
Systems: Charged Cushioning™, UA Speedform™, Architech™
2.3.1 Properties of foams and lattices
The energy absorption and the peak force can be better understood with a uniaxial compression
test. The uniaxial compression test for elastomers and foam materials results in a strain-stress
curve, as it can be seen in figure 2.5. In this type of materials, the elastic deformation does not
have a linear relationship,such as steel. However, its elastic deformation can be divided into
three phases: linear elasticity, plateau-collapse, and densification.
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The area comprised bellow the strain-stress curve correspond to the energy absorption. The
energy absorption is the energy that is needed to apply to the material to deform it. The peak
force is related to the peak stress following the expression:
σ = F/A (Equation 2.2)
From the strain-stress curves can be deduced that (for the seam material and under the seam
conditions) the force peak will be larger for larger values of energy absorption. Moreover,
lower values of plateau stress lead to a larger deformation and lower peak stress meanwhile the
material does not reach the densification phase. For this reason, the materials with low plateau
stress are preferred for the cushioning technologies.
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Figure 2.5: Example of true strain-stress curve for foams and lattices. Based on (Vries,
2009).
If the stress does not exceed the elastic limit, the material will not present permanent deforma-
tion. This means that after the application of the force the material will return to its initial shape.
For foam materials, this process will not follow the seam strain-stress curve as for compression.
The energy returned from the material will be lower than the energy absorbed. This difference
in energies has the name of dissipated energy. (Vries, 2009; Goga, 2012)
Wd =Wa−Wr (Equation 2.3)
In other words, the dissipated energy is the hysteresis of the strain-stress process in one com-
pression cycle, as shown in figure 2.6. The dissipated energy is a loss of energy due to the
microscopic deformation of the elastomer and heat energy. For running footwear are more
interesting materials with low dissipated energy values.
Besides, rubber-like materials show a significant variation in their mechanical properties during
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Figure 2.6: Example of true strain-stress curve in an compression cycle for foams and lat-
tices. Based on (Vries, 2009).
his cycle-life. This property was first reported by Bouasse and Carrière (Bouasse & Carrière,
1903). It is commonly called Mullins effect because of the intensive study of this phenomenon
by Mullins (Mullins, 1969). This variation of mechanical properties can be divided into four
different observations: the softening effect, crystallization, permanent set, induced anisotropy.
In figure 2.7 can be seen an example of the softening effect and permanent set. (Diani, Fayolle,
& Gilormini, 2009).
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Figure 2.7: Example of true strain-stress curve in the life-cycle for foams and lattices. Based
on (Bouasse & Carrière, 1903).
Mullins effect plays an important role in the midsole durability and cushioning during he cycle
of life. Due to the Mullins effect, the material absorption will decrease, and the peak pressure
will increase with the number of cycles (Shen, Golnaraghi, & Plumtree, 2001). Mullins effect is
often modeled by an empiric approach, which uses the damage variable from damage continuum
mechanics. In this case, softening is predicted by a change of the damage parameter. There also
exist micro-mechanic models, which are based on physical variables but are still rather limited
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(Diani et al., 2009).
The mechanical properties of the material will change with the strain rate and the temperature.
In midsole design, it is essential to take into account these two parameters because the strain rate
depends on the pace of the runner and vertical oscillation and the temperature on the material
depends on the outdoor temperature.
2.3.2 Statement of science
It is generally believed that the shoe cushioning reduces the ground impact forces. Conse-
quently, it protects the runner against injuries and improves the comfort perception of the shoe.
However, there is considerable controversy about the effect of the stiffness of the midsole on
the perception of general comfort and RRI in running shoes. Some investigations (Che, Nigg,
& de Koning, 1994; Theisen et al., 2014b) reported that there is no relationship between the
comfort and the addition of cushioning impact technologies. By contrast, other studies testified
that there is a relationship between these parameters (Hennig, Valiant, & Liu, 1996; Milani,
Hennig, & Lafortune, 1997).
Baltich et al. (Baltich, Maurer, & Nigg, 2015) studied the relationship between the midsole
stiffness and the vertical force impact peaks during running. They analyzed the peak force of
93 runners with three midsoles of different stiffness. Their results showed that a softer midsole
could increase the vertical force impact peaks. One possible explication of this results is that
the foam works with these midsoles in the densification area (see Foam Material).
Dinato et al. (Dinato et al., 2015) investigated the relationship between the perception of com-
fort and the impact forces during running for four different cushioning technologies: EVA,
Adiprene, Gel, and Air. They found that the Adiprene technology has the best cushioning com-
fort perception and the lowest ground reaction forces. The highest first vertical peak force was
observed for the Gel midsole and also the lowest heel cushioning comfort. Nevertheless, they
did not find a significant association between the ground reaction forces ant the cushioning
comfort of the different technologies.
The adaptation of the runners’ movements on the stiffness of the midsole could be the ex-
planation because most investigations do not find a relationship between stiffness and general
comfort. This biomechanical adaption would avoid the high impact rates over the heel. In this
sense, Nigg et al. (Benno M. Nigg, Baltich, Maurer, & Federolf, 2012) found a correlation be-
tween the midsole stiffness and the kinematics of the runner. They observed that the movements
during running were affected in a similar way for all the analyzed individuals. These differences
were seen more dominantly in the sagittal plane for the knee and ankle movements. Resende
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et al. (Resende, Fonseca, Silva, Pertence, & Kirkwood, 2014) also support this thesis. Their
results also demonstrated that a reduced forefoot midsole stiffness increases the total range of
movement in the sagittal plane. Moreover, they proved that a lower forefoot midsole stiffness
increases the rearfoot supination during stance, which can augment the foot stability.
Malisoux et al. (Malisoux, Delattre, Urhausen, & Theisen, 2017) are studying the influence of
the shoe cushioning on the running-related injury taking into account the running technique.
Their study investigates the RRI in 800 randomized runners during a 6-month period. For this
research one shoe model with different cushioning properties, stiffness -35%, will be used. This
study will provide more reliable information on the effect of cushioning on the RRI.
Worobets et al. (Worobets, Wannop, Tomaras, & Stefanyshyn, 2014) studied the effect of the
midsole stiffness on the running economy. In this research, two identical shoes in construction
but with different stiffness (167,0 N/mm and 186,1 N/mm; 11,4%) were used. They found
that the softest shoes have an improved running economy (1%). In this case, the hysteresis
of the compression cycle was lower for the softer midsole material. This reduction of oxygen
consumption would be similar to reduce the mass of the shoe by 100g.
In reference to the mentioned studies, it is difficult to reach a definitive conclusion. The comfort
of a running shoe depends on other variables, such as the types of sewing, the geometry of the
midsole, the technique of the runner or weight of the shoe. These variables are not taken into
consideration in the studies and could interfere with the results of general comfort. In addition,
the different cushioning technologies affect in a different way to the general comfort.
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2.4 Lattice Structures
Additive manufacturing allows producing geometries, which could not be fabricated or their
fabrication would be costly compared to traditional manufacturing techniques. Some of this
designs are closed skins, lattice surfaces, and lattice structures, which are very interesting in
diverse engineering applications. For the fabrication of midsoles, lattice structures are an attrac-
tive architecture, not only for their mechanical properties but also for their easy customization
with 3D-printing (Tan, 2018).
Lattice structures are a connected network based on the repetition of unit cells. These are
simple geometries based on the union of nodes using beams or shells, as shown in figure 2.8.
(Porterfield, 2018).
a) Beam-based: BC b) Shell-based: Gyroid
Figure 2.8: Example of types of lattice unit cell: a) Beam-based cell, b) Shell-based cell
Lattice structures can be divided into three main types according to the degree of order, as shown
in figure 2.9. The first type, called periodic lattice, has the seam typology and dimensions of
the cell unit over the whole geometry. The periodic lattice can be classified into homogeneous
and heterogeneous structures, where the heterogeneous structures have thickness gradients. The
second type is called a pseudo-periodic lattice. This type of structures combines different types
of typology or dimensions of the unit cell. This kind of structure can adapt to an external
geometry varying the size of the unit cell. Wang reported that this type of structure has a better
performance than periodic structures (H.V. Wang, 2005). The third type is called disoriented
lattice, in which the unit cells are randomly distributed. (Tang, Kurtz, & Zhao, 2015)
2.4.1 Mechanical Properties
Lattice structures can maintain similar mechanical properties by reducing the quantity of ma-
terial. This characteristic presents several advantages in comparison with solid materials. The
first advantage is weight reduction. The weight is an important parameter on running footwear.
Johnson Franz reported in his research (J. Franz, Wierzbinski, & Kram, 2012) that a reduction
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a) Periodic b) Pseudo-periodic c) Disoriented
Figure 2.9: Types of lattice structure applied on a cylinder a) Periodic lattice, b) Pseudo-
periodic lattice c) Disoriented lattice
of 100g is equivalent to reduce a 1% the energy consumption. The reduction of material is also
desired to decrease the fabrication costs due to the expensive materials and the time and energy
consumption of the manufacturing process (Yan, Hao, Hussein, & Raymont, 2012).
Moreover, lattice structures have different mechanical, electric and thermal properties from the
standard solid macro-structure. Three factors influence the mechanical properties of the lattice
structure (Ashby, 2006):
− The properties of the solid bulk material.
− The typology and shape of the unit cell.
− The relative density ρ˜ \ ρs, where ρ˜ is the density of the lattice material and ρs is the
density of the solid bulk material.
Therefore, the desirable mechanical properties can be achieved not only by changing the mate-
rial but also by changing the unit cell geometry. The two last characteristics are of great interest
in engineering because they allow generating an object with different mechanical properties
without assembling various parts. In contrast, the mechanical properties of foam materials can
be only modified by changing the density of the material (Shariatmadari, English, & Rothwell,
2012).
2.4.1.1 Bending-dominated and stretch-dominated structures
Lattice structures under compression can experience two different types of deformation mech-
anisms: bending-dominated and stretch-dominated, which depend on the geometry of the unit
cell (Ashby, 2006). To identify the deformation mechanism, the Maxwell stability criterion
M3D can be applied (Maxwell, 1864):
M3D = b−3 j+6 (Equation 2.4)
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where b is the number of struts, and j is the number of joints of the unit cell. If M < 0 the
mechanism is bending-dominated. If, instead, M > 0 the structure becomes stretch-dominated
(Calladine, 1983).
Bending-dominated structures are characterized by a low connectivity of the joints. In this type
of structure, the material has a linear-elastic behavior with a modulus E˜ up to the limit elastic
σ˜y. At this point, the unit cell edges yield, buckle or fracture. The material continues deforming
with almost constant stress, called plateau stress until the opposite edges of the unit cell touch
each other. From this point on, the stress increases steeply. This region is called densification,
and its engineering strain is called densification strain e˜d . An example of this deformation
mechanism is shown in figure 2.10. (Ashby, 2006)
Figure 2.10: Example of a bending-dominated mechanism of a prismatic unit cell of LxLxL
dimensions (Ashby, 2006).
In stretch-dominated structures are hyper-static structures. In this case, approximately one-third
of its struts carry tension when the structure is loaded with simple compression. In this type
of structure, the material also has a linear-elastic behavior with a modulus E˜ up to the limit
elastic σ˜y. After the limit elastic, the material suffers a post-yield softening due to the buckling
or crushing of the edges of the unit cell. Like bending-dominated structures, stretch-dominated
structures have a plateau and densification region. (Ashby, 2006)
Bending-dominated and stretch-dominated structures present important differences on the en-
gineering stress-strain curve achieved through a standard compression test. In the following
figure 2.11 are both deformation mechanisms exemplary represented.
According to the research Ashby (Ashby, 2006) the structures with a stretch-dominated mech-
anisms have a higher relative elastic modulus E˜ \Es and relative strength σ˜y \σys than bending-
dominated mechanisms, where E˜ is the elastic modulus of the lattice and Es of the bulk solid ma-
terial, and σ˜y is the strength of the lattice and σys of the bulk solid material. Bending-dominated
structures can absorb a large quantity of energy for lower stresses. This characteristic makes
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Figure 2.11: Example of engineering stess-strain curve for a bending-dominated and stretch-
dominated lattice structure. Based on: (Ashby, 2006)
them ideal for energy absorption applications. Otherwise, stretch-dominated structures are ap-
propriate for lightweight applications, where operating within the linear-elastic region (Souza,
Großmann, & Mittelstedt, 2018). Ashiby found a relationship between the relative elastic mod-
ulus and the relative density for both deformation mechanisms:
E˜
Es
∝
(
ρ˜
ρs
)2
(bending-dominated behavior), (Equation 2.5)
E˜
Es
∝
(
ρ˜
ρs
)
(stretch-dominated behavior), (Equation 2.6)
and a relationship between the relative strength and the relative density for both deformation
mechanisms:
σ˜y
σys
∝
(
ρ˜
ρs
)2/3
(bending-dominated behavior), (Equation 2.7)
σ˜y
σys
∝
(
ρ˜
ρs
)
(stretch-dominated behavior). (Equation 2.8)
Foam materials present a similar compression behavior to bending-dominated lattice structures
(Deshpande, Fleck, & Ashby, 2001). Figure 2.12 shows the relationship of the relative strength
and relative density for different type of structures and the idealization of bending and stretch
dominated lattice structures.
Lattice structures have mainly anisotropic mechanical properties. The anisotropy depends on
the orientation of the beams or shells of the unit cell. This characteristic can be an advantage
when different stiffness for different directions are desired. Nevertheless, it is rarely taken into
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Figure 2.12: Example of engineering stess-strain curve for a bending-dominated and stretch-
dominated lattice structure. Based on: (Ashby, 2006)
account for the design of lattice structures because of its complexity. Xu et al. (Xu, Shen, Zhou,
Huang, & Xie, 2016) proposed two strategies for designing lattice structures with controlled
anisotropy. The first one consists in assemble two different base unit cells with complementary
stiffens along various spatial directions making a new unit cell. By adjusting the relative density
of the two base unit cells, the desirable anisotropy could be achieved. The second one consists
in creating a new unit cell using the seam simple unit cell with partial symmetry and arraying
it thought symmetry operations. By adjusting the relative density of the basic unit cells in dif-
ferent orientations, the desirable anisotropy could also be achieved. Using these two strategies
isotropic lattice structures can be achieved, which can be very interesting for energy absorption
applications.
In the seam way as porous foams, lattice structures can also have an auxetic behavior. This type
of behavior means that the material has a negative Poisson ratio ν . Therefore, the cross-sectional
area reduces under compression. Yuan et al. (Yuan et al., 2017) studied this behavior in lattice
structures fabricated via SLS with thermoplastic polyurethane (TPU) powders. The lattices
could sustain a wide range of compressive strains and can withstand repeated compression
cycles. Their study corroborates the high potential of auxetic lattices for energy absorption
applications.
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2.4.1.2 Unit cell characteristics
As explained above, the mechanical properties of the lattice are strongly related with the ge-
ometry of the unit cell, also called typology. Some researchers focused on the study of the
mechanical properties of different unit cell typologies: Honeycombs (Bates, Farrow, & Trask,
2016) and beam-based unit cells (Deshpande et al., 2001; Beyer & Figueroa, 2016; Souza et al.,
2018).
Souza et al. (Souza et al., 2018) studied simple cubic unit cell typologies based on beams and
identified the consequences in the utilization of face-centered, body-centered and vertical struts,
as shown in figure 2.13.
Face-centered
Body-centered
Vertical1
2
3
Figure 2.13: Example of face-centered, body-centered and vertical struts based on (Souza,
Großmann, & Mittelstedt, 2018)
In table 2.4 are summarized the consequences in the utilization of each strut direction.
Table 2.4: Consequences in the utilization of each strut direction (Souza, Großmann, & Mit-
telstedt, 2018).
Strut-type Pro Contra
Face-centered (fcc) Auxetic behavior Redution of G13
Superior E1,3
Superior G12,23
Body-centered (bcc) Isotropic when alone Redution of E1,2,3
Superior G13
Vertical Induce anisotropy Redution of G13
Superior E2
Superior E1,3 with fcc-struts
Beyer and Figueroa (Beyer & Figueroa, 2016) studied the compressive and blending behavior
of eight different lattice structures for a better understanding of the unit cell properties. They
analyzed four cubic and four hexagonal unit cells, summarized in figure 2.14. Polyjet process
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with the material VeroWhitePlus RDG835 was used for the manufacture of the lattice structures.
According to the compression results, they reported the following observations of geometry-
property relations:
− Hexagonal cells have relatively superior compressive strength than cubic cells.
− The cells, which have struts in loading direction have superior compressive strength.
C01 C02 C03 C04
H01 H02 H03 H04
Figure 2.14: Unit cells structures studied by Beyer et al. (Beyer & Figueroa, 2016)
2.4.2 Design Methods
Lattice structures can be designed with conventional CAD-tools. Nevertheless, generating a
complex lattice structure with this type of software is a tedious task. Complex lattices structures
require generative algorithms, which are not yet implemented in the standard CAD-tools. For
this reason, some of the software corporations developed new programs or plugins to design
lattice structures. Nowadays, there exist several tools for generating lattice structures, such as
Autodesk Netfabb, nTopology Element, nTopology Element, STL Lattice Generator (plugin for
Matlab), Meshify, Simpleware, Crystallon (plugin for Rhinoceros 3D) and Intra|Lattice (plugin
for Rhinoceros 3D).
Lattice generating tools rely on the seam procedure. In the first step, the cell typology must
be defined. The design tools mostly have pre-designed typologies of unit cells. However,
Autodesk Netfabb has additional utility, which permits to create new typologies. The next step
is called voxelization. A voxel is a volume element, which surrounds a unit cell. There are
different types of voxerization, fill a volume with equal sized voxels, fill the volume between
two or more surfaces and offset a surface or a mesh. The voxalization is typically homogeneous
and orthogonal, but some software allows to morph in order to adapt to the external geometry,
allowing to create pseudo-periodic lattices. In this step, the dimensions and the direction of the
vorxels must be defined. In the next step, the vorxels are populated with the specific unit cells
(beams or shells) creating lattice curves or surfaces. Thenceforth, the lattices can be modified by
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trimming removing elements or connecting different ones. The last step is to apply a thickness
to the lattice which can be used for simulation or manufacturing. The applied thickness can
be homogeneous, with a homogeneous gradient or with a heterogeneous gradient (Porterfield,
2018; Kurtz, 2013).
The various lattice generating tools differs from specific design features. The software with the
most design possibilities is Netfabb in its premium version and the plugins for Rhinoceros3D
Crystallon and Intra|Lattice. The plugin for Matlab, STL Lattice Generator, is suitable for
research with simple lattice structures.
2.4.3 Simulation Methods
Studying the mechanical response of the lattice structures by using experimental tests can be
time-consuming and expensive. Therefore, it is useful to use Finite Element (FEA) simulations,
which help to reduce the volume of laboratory tests and can characterize the entire response of
the of this type of structures. Some researchers have studied, how the lattice structures should
be modeled to provide accurate enough results (Wadley et al., 2008; Creus & Öchsner, 2008;
Cui, Xue, Pei, & Fang, 2011; Smith, Guan, & Cantwell, 2013).
Two different methods can be used for modeling lattice structures for FEA. The first method
uses continuum 3D elements to simulate the stress-strain distribution within the struts and the
mechanical response of the structure. Nevertheless, this element type has high computational
costs due to the high complexity of their geometries and becomes prohibitive for large structures
(Smith et al., 2013). Although, the final response can be estimated by one or a small number
of unit cells (Creus & Öchsner, 2008). The second method consists of modeling the lattice
structures with beam element types. This method does not provide information on the stress-
strain distribution within the struts but describes the response of the lattice structures accurately
(Smith et al., 2013). This method use to have problems for the lack of contact between struts
around the nodal regions. Therefore, it is recommended to increase the radius (%40) of the
struts (Labeas & Sunaric, 2010; Smith et al., 2013) or increase its stiffness (1000 times the
elastic modulus) (Luxner, Stampfl, & Pettermann, 2005) in this area.
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2.5 Additive Manufacturing
Additive manufacturing (AM) permits to produce custom products at a relatively low price
(Berman, 2012). This manufacturing technology allows a quasi-automated production based
on computer-aided design (CAD) software. For this reason, AM does not need a centralized
high-volume production in countries with low cost of labor. This characteristic results in a
localized production with small-scale shipping (Petrick & Simpson, 2013). Based on this prin-
ciple Adidas printed in 2018 100.000 shoe soles for its model Futurecraft 4D. In the meantime,
Nike, Under Armour, New Balance and Reebok are developing their 3D-printing models (Peels,
2017).
Nowadays, there coexist different additive manufacturing technologies and materials. The se-
lection of the AM technologies will be based on the dimensional accuracy, mechanical proper-
ties, building time, and surface finish requirements (Redwood, 2018). The committee “ASTM
F42 – Additive Manufacturing” categorized in 2010 the AM processes into seven groups accord-
ing to the deposition technique (Monzón, Ortega, Martínez, & Ortega, 2014). The following
table 2.5 summarizes the AM groups and its technologies.
Table 2.5: Classification of the additive manufacturing processes and its technologies (Red-
wood, 2018)
1. Vat photopolymerization Stereolithography (SLA); Direct Light Processing (DLP); Continuous
DLP (CLIP)
2. Material Jetting Material Jetting (MJ); Nano particle jetting; Drop-On-Demand
(DOD)
3. Binder Jetting Binder Jetting
4. Material Extrusion Fused Deposition Modeling (FDM)
5. Powder Bed Fusion Selective Laser Sintering (SLS); Selective Laser Melting (SLM); Di-
rect Metal Laser Sintering (DMLS); Electron Beam Melting (EBM);
Multi Jet Fusion (MJF)
6. Sheet Lamination Ultrasonic Additive Manufacturing (UAM); Laminated Object Manu-
facturing (LOM)
7. Directed Energy Deposition Laser Engineered Net Shape (LENS); Nano particle jetting; Electron
Beam Additive Manufacture (EBAM)
All the AM technologies have in common the seam usage procedure. The manufacturing pro-
cess begins with the CAD geometry file in stereolithography (STL) format. This geometry will
be imported into a specific software for AM, which will slice the solid part and generate the
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support structure if it is required. This software will send the sequence of movements to the
AM equipment, where the part will be printed. The manufacturing process can be treated with
a surface finish. (Monzón et al., 2014)
In order to achieve foam-like mechanical properties using lattice structures, flexible plastic ma-
terials are needed. The technologies, which can print this type of materials are SLA, CLIP, MJ,
FDM, and SLS (Manoharan, Chou, Forrester, Chai, & Kong, 2013). In the following sections,
the different technologies, which permit to manufacture with flexible plastic materials, will be
explained. Based on the literature research, table 2.6 summarize the different AM techniques
with flexible materials and its relevant characteristics to sports footwear.
Table 2.6: Five-point scoring of AM techniques on characteristics relevant to sports footwear
(where 5 is the best score and 1 the worst).
AM Technique SLA CLIP MJ FDM SLS
Accuracy 4 4 5 1 3
Surface finish 4 5 5 2 3
Range of materials 3 3 4 5 5
Building time 3 4 2 5 2
Max part size 4 4 3 5 2
Costs 4 3 1 5 2
2.5.1 Stereolithography (SLA)
Stereolithography (SLA) is a light-based AM process that is mainly used for parts, which re-
quire high precision, good surface finish and similar mechanical properties to technical plastics.
This process uses photo-polymerized resins, which solidify when they are exposed to UV-light
by using a laser or a digital light processing (DLP) projector. The UV-laser or the DLP projector
draw every cross-section of the model and selectively harden the material. In this process, the
model is built in consecutive layers. The resin is poured or dispensed automatically from the
cartridge in a tank. The first layer is attached to a build platform, which moves in the vertical
axis. The Upside-Down SLA is the most common SLA system. In this system, the build
platform will be pulled up a step when every layer is completed. In figure 2.18, the Upside-
Down SLA system is exemplary represented. (Chua & Leong, 2014)
In table 2.7 are schematic explained the advantages and disadvantages of the SLA process.
1In Upside-Down, support material is needed for sustaining the object in overhangs.
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Figure 2.15: Upside-Down SLA system exemplary represented
Table 2.7: Advantages and disadvantages of SLA process.
Advantages Disadvantages
High dimensional accuracy:±0.10 mm Need of support material 1
Excellent surface quality Poor mechanical properties of epoxy resin
High degree of automation Less types of materials can be used
Relative fast fabrication High price of epoxy resin resins
In 2018, the market has a large variety of SLA-printers. The prices of these machines range
from 700C up to 15.000C. Most of them allow printing with flexible resins. Generally, SLA
printers offer relative small printing volumes, which can be a significant restriction for printing
midsoles. The most sold SLA-printers are the Form2 from Formlabs, Slash+ from Uniz and
Nobel 1.0 from XYZprinting.
This technique is being used to manufacture shoe lasts based on anthropocentric data (C. Wang,
2010) but also for midsole designs. The manufacturer of SLA 3D-printing machines FormLabs
announced to create 3D-printed midsoles in cooperation with New Balance (Formlabs, 2017b).
2.5.2 Continuous Liquid Interface Production (CLIP)
Continuous Liquid Interface Production (CLIP) is a technology of AM based on photo-polymerization
very similar to the Upside-Down SLA technique.
In this case, CLIP is based on the principle of oxygen-inhibited photopolymerization to create
a continual liquid interface of uncured resin and UV-light between a window and the cured part
surface. This interface eliminates the iterative layer-by-layer process. The advantages of the
layerless fabrication are the reduction the manufacturing time, the manufacturing without the
use of supports and isotropic mechanical properties of the resulting material (Tumbleston et al.,
2015; Johnson et al., 2016; Janusziewicz, Tumbleston, Quintanilla, Mecham, & de Simone,
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2016).
In table 2.7 are schematic explained the advantages and disadvantages of the CLIP process.
Table 2.8: Advantages and disadvantages of CLIP process.
Advantages Disadvantages
High dimensional accuracy:±0.10 mm Need of support material
Excellent surface quality, no visible layers Poor mechanical properties of epoxy resin
High degree of automation Less types of materials can be used
High speed printing High price of epoxy resins
CLIP technology was developed by Carbon3D. Their two models M1 and M2 are the only
available machines for this type of AM. Carbon3D also offers to print with flexible materials.
The price of the CLIP-printers is about five times higher than SLA-printers.
This technology was used to manufacture the midsole of Futurecraft 4D, which was developed
with the Adidas production partner Carbon3D (Heater, 2018)
2.5.3 Material Jetting (MJ)
Material jetting is also a technology of AM based on photopolymerization process. In this case,
the printing process is very similar to 2D-printers.
Material jetting uses several nozzles, which deposit a small amount of UV-curable photopoly-
mer droplets. Similar to an ink-jet printer, these nozzles are situated in a print head, which slides
back and forth among the x-axis. A UV-light attached to the print head simultaneously cures
the material as it is printed. Once a cross-section is completed, the build platform descends in
order to print the next layer. The print nozzles can deposit a water-soluble material, which is
used as support material. (Singh, 2011; Cazón, Morer, & Matey, 2014; Graves, 2016)
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Figure 2.16: MJ system exemplary represented.
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In table 2.7 are schematic explained the advantages and disadvantages of the MJ process.
Table 2.9: Advantages and disadvantages of Material Jetting process.
Advantages Disadvantages
High dimensional accuracy: ±0.05 mm Need of support material
Multiple material parts in one process Limited range of materials
High degree of automation Poor mechanical properties
Relative fast fabrication High price of epoxy resin resins
This technique can be for domestic use or industrial purpose. The prices of these machines range
from 50.000C to 200.000C, which are higher than SLA prices. The most common material
jetting printers are Multijet from 3D-Systems, Jet Fusion from HP and Polyjet from Stratasys.
HP developed FitStation, which is a hardware and software platform that 3D scans the foot,
measures foot pressure and analyses the gait. With this measurements, a “digital profile” of
each foot is created, which is the basis for print insoles and custom footwear.
2.5.4 Fused Deposition Modeling (FDM)
Fused Deposition Modeling (FDM) is often considered the most straightforward additive man-
ufacturing technology of the market. It consists of three main elements: the building platform,
where the first layer of the print will be deposited, a spool of the printing material and an extru-
sion head. In this machine, the thread will be suckled and melted by the extrusion head of the
3D-printer, which places the filament layer by layer on the building platform.
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Figure 2.17: FDM system exemplary represented.
In table 2.7 are schematic explained the advantages and disadvantages of the FDM process.
FDM uses flexible filaments to manufacture rubber-like parts. The most used flexible materials
are TPU (Thermoplastic Polyurethanes) and TPE (Thermoplastic Elastomers). This technique
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Table 2.10: Advantages and disadvantages of FDM process.
Advantages Disadvantages
Wide selection of materials Need of support material
Cheap materials and machines Poor dimensional accuracy: ±0.5 mm
Multiple material parts in one process Poor mechanical properties in Z-direction
Low time consuming
is not suitable for printing lattice structures due to its poor accuracy in comparison with the
other explained techniques and the need for support materials. Nevertheless, FDM has become
the leading technology due to its small physical size, low complexity of the manufacturing
process, the low cost of the plastic filaments and the expiration of Key Patents. FDM technology
accounts for a 90% of the AM worldwide (Bikas, Stavropoulos, & Chryssolouris, 2016). For
this reason is FDM a technique to take into account since it is in continuous development and
in a nearly future could be able to print with the desired accuracy for running footwear.
2.5.5 Selective Laser Sintering (SLS)
Selective Laser Sintering (SLS) is a powder bed fusion technology, which can print polyamides,
polycarbonates, polyvinyl chloride, ABS and ceramics for the fabrication of final parts.
This technology uses a high-powered laser to sinter the powdered material, which blinds to-
gether creating a thin layer. After the whole cross-section is sintered, the power bed is decreased
by the layer thickness and a new layer of powdered material is deposited on the top. The possi-
bility to use composite materials with fiber and metal allows expanding its field of application.
This technology does not need support structures and allows to manufacture a part on top of the
other. (Rossi, Puglisi, & Benaglia, 2017; Paul & Anand, 2012; Mazzoli, 2013)
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Figure 2.18: SLS system exemplary represented.
In table 2.7 are schematic explained the advantages and disadvantages of the SLS process.
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Table 2.11: Advantages and disadvantages of SLS process.
Advantages Disadvantages
No need of support material Rough or porous surface
Good, isotropic mechanical properties Very expensive industrial machines
Wide selection of materials Expensive materials
Fast fabrication, high productivity Need of work safety
Good dimensonal accuracy: ± 0.3 mm
SLS uses TPU blended with Nylon PA12 polymer powders for flexible parts. This technology
has only an industrial purpose.
This technology is used to manufacture the 3D printed midsole developed by New Balance
with the production partner 3DSystems (3DSystems, 2015) and by Under Armour with the
production partner EOS (EOS, 2017).
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2.6 Measure of Discomfort
Comfort is an individual perception, which involves mechanical, neurophysiological, and psy-
chological factors (Mills, Blanch, & Vicenzino, 2010). These factors are received and inter-
preted within the brain and are perceived through different groups of biological sensory that
react to the diverse physical phenomenon. These groups of sensory are called senses (Upper,
Monosymptomatic, & Exist, 2002). The traditional five senses are the sight, hearing, touch,
smell, and taste. However, it is accepted between researchers that there exist more senses,
such as thermoception (temperature); magnetoception (direction); nociception (pain); equilib-
rioception (balance) and proprioception (position and movement of the parts) (Garland, 2012).
Recent studies suggest other types of senses. These are the sense of force (Jones, 1986; Ca-
farelli, 1988) or the sense of effort (Adamo, Scotland, & Martin, 2012; Monjo, Shemmell, &
Forestier, 2018). Nociception is related to comfort perception (Hurst, Branthwaite, Greenhalgh,
& Chockalingam, 2017), but the senses of force and effort could also play an important role.
Footwear comfort is affected by several independent factors. These are the activity being per-
formed, the fit of the shoe, subject characteristics and mechanical shoe variables (Miller, Nigg,
Liu, Stefanyshyn, & Nurse, 2000). The fit is the first noticeable cause of footwear discomfort
because can be appreciated without movement of the runner (Witana et al., 2004). The subject
characteristics embrace the anthropocentric measures, which influence the running kinematic.
Certain shoe geometry aspects also influence the running pattern, such as drop, minimal hell
height, and rocker angle. The mechanical shoe variables are related to the midsole require-
ments (discussed in chapter 2.1.2) of cushioning, propulsion, transition, dynamic support, sta-
bility control, and torsion control.
Comfort has a significant influence on running performance (Fuller, Bellenger, Thewlis, Tsiros,
& Buckley, 2015). Luo’s results showed on average a 0,7% improvement in the running econ-
omy between the most and the least comfortable shoe condition (Luo, Stergiou, Worobets,
Nigg, & Stefanyshyn, 2009). This fact also leads to the hypothesis that this relationship could
be reciprocal. In other words, the effort could influence the comfort sensation.
For the measure of discomfort, researchers use two differentiated strategies. The subjective
analysis quantifies the discomfort perception by asking the testers about their sensations. Con-
versely, objective analysis quantifies the discomfort perception by relating the discomfort to a
measurable physical variable.
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2.6.1 Subjective Analysis
Researchers have been used several methods for the subjective analysis of footwear discom-
fort. Among them, the most popular tools for quantifying discomfort are Virtual Analog Scale
(VAS), Numeric Rating Scales (NRS), Likert-type Verbal Rating Scales (VRS) and Yes-No
questionnaire, which are represented in figure 2.19. Most studies use a combination of one of
the before mentioned tools with different questions and endpoints (Pearson, 2009).
VAS:
Uncomfortable Comfortable
NRS:
Uncomfortable
0 1 2 3 4 5 6 7 8 9 10
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VRS:
very
uncomfortable
uncomfortable comfortable
rather
uncomfortable
Figure 2.19: Exemplary representation of Vistual Analog Scale (VAS), Numeric Rating Scales
(NRS), Likert-type Verbal Rating Scales (VRS) for discomfort measurement.
Several studies have been based on the study of the degree of agreement between two or more
testing subjects (i.e., inter-rater reliability) for the different tools for analyzing footwear dis-
comfort. Mündermann et al. (Mündermann, Nigg, Stefanyshyn, & Humble, 2002) reported
that VAS provides inter-rater reliable assessment for footwear comfort. Mills et al. (Mills et
al., 2010) supported this thesis by studying the inter-rater reliability for VASs and seven-point
VRSs. Besides, Mills et al. reported better reliability for the VAS than for seven-point VRS.
Nevertheless, comfort depends on mechanical, neurophysiological, and psychological factors.
For this reason, the perceived comfort seems to have a low consistency in ratings given by
the same subject in different occasions (i.e., intra-rater reliability). Hoerzer et al. (Hoerzer,
Trudeau, Edwards, & Nigg, 2016) studied the intra-rater reliability for VAS and Yes-No ques-
tions by analyzing comfort for six different insoles. They concluded that the VAS had the worst
intra-reliability (31,1%) than Yes-No questions (46,7%). The reason why Yes-No questions
have better reliability than the other tools is due to the limited information that can be obtained
with this methodology. VAS allows rating in different comfort levels, which can be an advan-
tage in some studies. Hoerzer et al. (Hoerzer, Trudeau, Edwards, & Nigg, 2015) suggested
a preliminary test of the intra-rate reliability for identifying the subjects, which not provide
reliable results and therefore improving the results of comfort study.
Comfort is usually rated in the VAS methodology by a 100 mm line with the term "low comfort"
(0 mm) on the left and "high comfort" (100 mm) on the right. With this type of tool, it is
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necessary to identify the minimal clinically significant difference (MCID), which is the minimal
perceptible change of comfort in the VAS score. Mills et al. (Mills et al., 2010) identified the
MCID using a 100 mm VAS for footwear comfort as 10,2 and 9,59 mm.
2.6.2 Objective Analysis
The principal problem of the subjective analysis is their poor intra-reliability. In order to have
reliable comfort assessments, it is needed to perform test multiple times on different days and
average its results (Hoerzer et al., 2016). For this reason, this type of assessment is very time-
consuming and is not appropriate for measuring comfort in a running shoe store (Meyer, Mohr,
Falbriard, Nigg, & Nigg, 2018). Consequently, researchers have been attempted to relate com-
fortably to physical, measurable variables (Pearson, 2009).
Most studies investigating footwear on comfort are focused on the effects of plantar pressure
and impact force to the discomfort perception (Meyer et al., 2018). Mei et al. (Mei, Gu, Zheng,
Yang, & Fernandez, 2017) investigated the perceived comfort and plantar pressure changes
during long-distance running. Their results showed a linkage between plantar pressure and
perceived comfort.
Otherwise, studies in the field of ergonomics observed effects of the postural control and vari-
ability of movement on comfort (Madeleine & Madsen, 2009; Søndergaard, Olesen, Sønder-
gaard, de Zee, & Madeleine, 2010). Mohr et al. (Mohr, Meyer, Nigg, & Nigg, 2017) inves-
tigated this effects on footwear comfort. They associated the discomfort perception with the
kinematic variability across the gait cycles. Their research reported that a lower variability of
the running kinematics leads to a lower perceived comfort. The apparent explanation for this
phenomenon is that less comfortable footwear offers fewer possibilities to the runner to adapt
his gait to a more comfortable movement.
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3 Research Questions and Hypotheses
In this chapter are summarized the different questions, which were formulated before starting
with the experimental part of this thesis. Each question is discussed with the concepts explained
in the literature review, and for each question is explained why this research would help on its
understanding.
1. Is there any difference on discomfort perception between a conventional running
shoe midsole and a 3D-printing midsole? The additive manufacturing applied to footwear
midsoles is relatively new. For the moment, there are no studies related to this field. The
only model that was on the market using this technology was Adidas Futurecraft 4D. The
only existing material concerning comfort on 3D-printing midsoles are reviews made by
customers of this shoe model, but they are far away from scientific studies.
This research will fill the lack of knowledge about comfort on 3D-printing midsoles.
2. Does the cushion of the midsole affect the discomfort perception of the runner? It
exists controversy on the effects of the cushioning of the midsole on the comfort. Some
investigations (Che et al., 1994; Theisen et al., 2014b) reported that there is no relation-
ship between the comfort and cushioning impact technologies. By contrast, other studies
testified that there is a relationship between these parameters (Hennig et al., 1996; Milani
et al., 1997). The previous researches were made using foam midsoles. To modify its
energy absorption, the researchers changed of material, density or shoe. These changes
affect, among others, the weight and the dissipated energy of the shoe. On this account,
it is difficult to arrive at successful conclusions.
This study will compare the comfort perception of two running shoes, whose only signif-
icant difference will be the energy absorption.
3. Does the propulsion of the midsole affect the discomfort perception of the runner?
For the moment, there is no research concerning the effects of the midsole propulsion on
the discomfort perception. This midsole characteristic is related to the energy dissipa-
tion of the material. Fuller reported the influence of comfort on the running performance
(Fuller et al., 2015). However, it has not been proved that this influence would be recip-
rocal. Moreover, some researchers suggested the existence of a sense of effort (Adamo
et al., 2012; Monjo et al., 2018). Based on the assumption that the energy dissipation
affects the running performance and oxygen consumption, the propulsion could have an
impact on the comfort.
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This study will compare the comfort perception of two running shoes, whose only signif-
icant difference will be the energy dissipation.
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The present project can be divided into three phases. The first phase focuses on the study of
the cushioning properties of various lattice structures. For that purpose, different samples are
designed, analyzed with an impact tester and simulated. From the different lattice structures,
one of them will be selected for the design of the midsole. The second phase is based on the
design and generation of the midsoles. The result of the second phase is one pair of running
shoe prototypes. To this effect, it is needed to joint the midsoles with an upper part. The
third phase concentrates on the comparison of the comfort of the 3D-printing midsoles with a
baseline midsole. The timeline of the three experimental phases of the project is schematically
represented in figure 4.1.
1 2 3 4 5
Third phaseFirst phase Second phase
SAMPLE
DESIGN
OBJECTIVE
TEST
SUBJECTIVE
TEST
MIDSOLE
DESIGN
SHOE
PROTOTYPING
SIMULATION
Figure 4.1: Timeline of the three experimental phases of the project.
4.1 Cushioning Properties
For the study of the cushioning properties of the lattice structures, different prismatic samples
are created. These are designed using CAD software (Rhinoceros 3D + Grasshopper + Crystal-
lon + IntraLattice). The visual programming structure for the design of the lattice structures is
shown in the Annex D.2. There are various possibilities to change the cushioning properties of
lattice structures, as seen in chapter 2.4. These are to modify the material, typology, thickness,
or size of the unit cell. For this reason, this first phase aims to achieve lattice structures with
cushioning properties comparable to running shoes.
The cushioning properties of the lattice structures will be compared with eight different trial-
running shoes, which were available by the department of sports equipment. The cushioning
properties are obtained by using an impact tester, which provides time-acceleration curves.
To reduce the number of printed samples, the impact test conditions are modeled and simulated
with finite elements. Nevertheless, several samples are printed and analyzed with the impact
tester for verifying the reliability of simulations.
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4.1.1 Sample Design
Various samples of lattice structures have been designed for the study on the cushioning prop-
erties. In the first step, six different structures have been designed to verify the model of finite
elements. Thereafter, the lattice structures are designed following an iterative to find cushioning
properties comparable to trial-running shoes.
All the samples have similar external dimensions to achieve comparative results. The external
geometry is a prism of 60 mm x 60 mm x 25 mm. However, the final external geometry will
variate in function of the beam diameter of the lattice structure and the dimensions of the unit
cell (UC). The final lattice structure is meshed and smoothed with Weaverbird (Wb) plugin for
Rhinoceros 3D to save the geometry in STL format.
The six first samples have been chosen with the widest possible variety. Then, it is possible
to verify the model of simulation for all the designed samples. Moreover, the diameters of the
beams are chosen close the minimum printable diameter of the 3D-printer (0.6 mm), in line
with some lattice structures printed by the department Micro Technology and Medical Device
Technology (MiMed) of the TUM. Table ?? shows the different characteristics of these six first
samples. Figure 4.2 shows the rendering of the six fist different samples.
Table 4.1: Characteristics of the six first printed samples
Code Typology Relative density Beam Diameter UC Dimensions
ρ˜/ρs [-] DB [mm] UCx,y,z [mm]
S01 Body Centred 0,0547 0,6 5 x 5 x 5
S02 Body Centred 0,0944 0,8 5 x 5 x 5
S03 Body Centred 0,138 1,0 5 x 5 x 5
S04 Body Centred 0,0307 0,6 7 x 7 x 7
S05 Edge Octahedron 0,0766 0,6 5 x 5 x 5
S06 Vertex Octahedron 0,0678 0,6 5 x 5 x 5
From these six first samples other samples will be printed following an iterative process in order
to calibrate the simulation model.
Crystallon offers the possibility to design fifteen beam-based and four shell-based structures.
From this amount of lattice structures, it has been selected eight different ones: Body Centred
(BC), Body Centred Cubic (BCC), Edge Octahedron (EO), Star Tetrahedron (ST), Face Centred
Cubic (FCC), Dodecahedron (DO), Truncated Octahedron (TO) and Vertex Octahedron (VO).
Those typologies have different, number of joints and beams, Maxwell stability number (Equa-
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Figure 4.2: Rendering of the six first samples for the analysis of cushioning.
tion 2.4) and relative density for the same diameter. The characteristics of those typologies with
a beam diameter of DB = 1 mm are summarized in table 4.2.
Table 4.2: Typology, beam diameter, number of joints and beams and Maxwell stability crite-
rion of the different selected typologies
Code Typology Relative density
ρ˜/ρs [-]
Beams Joints Maxwell SC
(M3D)
BC Body Centred 0,130 8 9 -13
BCC Body Centred Cubic 0,208 20 9 -1
EO Edge Octahedron 0,188 16 9 -5
ST Star Tetrahedron 0,188 24 14 -12
FCC Face Centred Cubic 0,262 36 14 0
DO Dodecahedron 0,251 32 22 -28
TO Truncated Octahedron 0,183 36 28 -42
VO Vertex Octahedron 0,169 12 6 0
As it can be seen in table 4.2, the typology with a larger beam diameter is BC. For the seam
beam diameter, BC would have the lower relative density. This typology has also the lower
number of beams. Nevertheless, there is no direct relationship between the number of beams
and relative density because of the different lengths of the beams. The typology with a higher
relative density is FC Cubic. There are two stretch-dominated structures, FC Cubic, and Vertex
Octahedron. The other structures are bend-dominated according to Maxwell stability criterion
(Chapter 2.4).
Figure 4.3 shows the eight selected typologies, where the number of beams and joints can be
observed.
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Figure 4.3: Rendering of the selected typologies.
4.1.2 Sample Fabrication
TThe Institute of Micro Technology and Medical Device Technology (MIMED) at the Tech-
nische Universität München owns an SLS-printer, with which was possible to manufacture the
lattice structure samples and the midsoles. As seen in chapter 2.5, SLS can print with flexible
materials. The model of the printer is the FORMIGA P 110 from EOS, which can manufacture
different types of materials. In this case, it was only possible to print with the PA 2200 Perfor-
mance, which is a white powder based on polyamide 12 and developed by EOS. PA 2200 is a
multipurpose material that it has high strength and stiffness and an excellent long-term constant
behavior. Formiga P110 can also fabricate parts of polyether ether ketone (PEEK), polystyrene
(PS), polypropylene (PP) and thermoplastic Alloy (TPA), of which TPA has interesting mechan-
ical properties for the fabrication of 3D-printing midsoles. Table 4.3 summarizes the relevant
printing properties and design aspects of the Formiga 2.
Table 4.3: Relevant printing properties and design specs of the Formiga P110
Build Volume 200 x 250 x 330 mm
Layer Thickness 0,05 mm
Lazer Spot Size 0,5 mm
The mechanical properties of PA 2200 Performance 1.0 are summarized in table 4.4 (EOS,
2010; C. Borzan et al., 2016; C. S. Borzan, Dudescu, & Berce, 2017).
After the print with SLS, it is needed to remove the remnant powder. This is done with a
sandblasting machine.
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Table 4.4: Mechanical properties of PA 2200 Performance 1.0 (EOS, 2010; C. Borzan et al.,
2016; C. S. Borzan, Dudescu, & Berce, 2017)
Mechanical Properties Method
Tensile Modulus 1700 MPa ISO 527
Tensile Strength 50 MPa ISO 527
Strain at Failure 20% ISO 527
Flexural Modulus 1500 MPa ISO 178
Compression Modulus 1400 MPa ISO 604
Compression Strength 63 MPa ISO 604
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4.1.3 Cushioning measurement
A dynamic shock absorption test has been used for the measurement of the cushioning prop-
erties. This type of test is realized with an impact tester. The machine operates by allowing
the weight to fall onto the tested material from a defined high. By the use of an accelerometer,
the shock absorption can be quantified. This method overcomes the limitations of a quasi-static
compression test and emulates better the impact of hell with the ground in a stride. The impact
tester provides the acceleration-time curve, which is exemplarily represented in figure 4.4.
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Figure 4.4: Example of acceleration-time curve provided by the impactor.
The system can be divided into two phases. In the first phase, the tested part return to falling
weight enough potential energy to elevate the weight from its surface. In this case, the tested
part and the weight has separated responses. The time between collisions is determined by
the potential energy returned in every collision. This phase can be easily identified in the
acceleration-time curve since the weight reaches an acceleration of 1g after the impact. When
the potential energy is not enough, the weight and the tested part to act in conjunction as an
underdamped response. The curve, which joins the acceleration peaks of the first phase aD1(t),
can be modeled by using the following quadratic expression:
aD1(t) = ζ · (t− ts)2 (Equation 4.1)
where ζ is the damping ratio and ts is the time of stability. The curve, which joins the acceler-
ation peaks of the second phase aD2(t), can be modeled by using the following the expression
of a damped system:
aD2(t) = A−ζωnt · (ζωn)2 (Equation 4.2)
where ζ is the damping ratio and ωn is the natural frequency and A the amplitude.
The force that the falling weight exerts on the tested part FI can easily been calculated using the
Newton’s second law:
FI = ms(a−g) (Equation 4.3)
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The position of the weight can be calculated using the equations of motion x = d
2
d2t , so:
x(t) = HD+
1
2
at2 (Equation 4.4)
where x(t) is the position of the ball and HD is the drop high. Figure 4.5 shows the displacement
of the ball as a function of time.
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Figure 4.5: Example of position-time curve calculated on basis of the acceleration-time
curve.
4.1.3.1 Impactor
For this research, it is used the impact tester developed by the sports equipment department
of the Technische Universität München. The drop height HD and the falling weight ms of the
impactor can be changed. In this project, as the falling weight has been used a sphere of rigid
plastic. The chosen diameter of the sphere ds has a diameter of 50 mm, which is comparable to
the dimensions of the surface of the hell. Its material is not deformable so that the impact object
does not influence the cushioning properties of the tested object. The measurement rate is 2000
samples per second to record all the details of the acceleration curve. The stamp holding the
impact sphere is housed with the guide tube without friction. In this way, the cushioning of
the tested object is not influenced by external forces. A pneumatic cylinder returns the falling
weight to the initial position after every test. The impactor is controlled by a algorithm in
LabView programmed by the department of sports equipment. The load duration ( from the
impact to the pull up of the sphere), the unload duration (from the pull up of the sphere to the
next impact), measurement frequency, the measurement duration, the number of cycles and the
calibration factor of the accelerometers can be chosen in the LabView interface. Its operating
characteristics are summarized in table 4.5. For all the dynamic tests, the procedure is repeated
four times and the mean curve is calculated.
As shown in table 4.5, the drop height varies depending on the test that it is being performed.
For the study on the running shoes, the drop height remains constant with a value of HD=75 mm.
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Table 4.5: Characteristics impact tester
Variable Nomenclature Value Unit
Drop height HD - [mm]
Falling mass ms 4,3 [kg]
Diameter of the impator’s sphere dS 50 [mm]
Calibration factor ka 19,84 [mV/g]
Load duration tl 6000 [ms]
Unload duration tu 4000 [ms]
Measurement frequency fm 2000 [values/ms]
Measurement duration tm 10000 [ms]
Number of cycles n 10 [-]
The impact position of the sphere of the impactor with the running shoe was chosen the rearmost
position of the midsole, with which the sphere would not have interaction with the upper of the
shoe. With this position, it is wanted to analyze the cushioning of the rearfoot region. Moreover,
to avoid a movement of the running shoes, the shoes were fixed to the impactor using a system
based on screws, as shown in figure 4.6 (a). The tests are repeated 10 times. The five first of
these will be neglected. This criterion is met in order to emulate a running condition, since
running the material does not recover its initial form before the next impact. On the other hand,
two different drop heights have been selected for the study on the lattice structures. In this case,
the lattice structures have been fixed by using a carton, as shown in figure 4.6 (b).
Figure 4.6: (a) Impact test of a running shoe. (b) Impact test of a lattice structure.
4 Methodology 45
4.1.4 Simulation
In order to reduce the number of 3D-printed models, this project uses FEM for simulating the
impact test. In this section, it is explained the different parameters, which are used for the
simulation of the impact tests. Basically, the methods of simulation, mesh, material properties
and boundary conditions are described. Abaqus CAE 6.13 is used for the simulations.
4.1.4.1 Geometry and Mesh
The simulation models the impact test. For this purpose, three geometries have to be used;
the lattice structure sample, the top surface of the sample and the impact sphere. In order to
simplify the model, it is only constructed a quarter of the model. The lattice structure has then
a prismatic geometry with x mm x y mm x z mm and is modeled as a wire-frame structure. The
impact sphere is positioned on the axis of symmetry on a distance z mm from the ground. The
position of the impact sphere is the position just before the impact. Then, the simulation does
not calculate the mass falling from the initial position to the position before the impact and it is
needed less computing time. The top surface is placed on the top of the lattice structure. The
position of the three elements is represented on figure 4.7.
Z
Y
X
XY
Z
  RP
x
y
z
Figure 4.7: Geometry of the modeled impact test.
The lattice structures are modeled with beam elements with two cylindrical sections. The joint
diameter DJ is defined in the regions up to 1 mm from the joint node. The beam diameter DB
is defined for the other regions of the structure. The whole structure is meshed with two-node
quadratic beam elements (B32) with an approximate length of 1 mm. For the case of BC and
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5 mm x 5 mm x 5 mm of unit cell dimensions, the structure has 4840 elements. The impact
sphere has a radius of 25 mm and is modeled with a shell element with a thickness of 1 mm. It
is meshed with exclusively quadrilateral shell elements (S4R) in a structured disposition, whose
approximate length S4R is 2 mm. The impact sphere has 300 elements. The top surface is also
meshed with quadrilateral shell elements (S4R) with an approximate length of is 1 mm and a
thickness of 1mm. The top surface has 748 elements Moreover, it has an attached reference
point (RP) on the center of the sphere. The mesh of the three parts is represented on figure 4.8.
  RP
X
Y
Z
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Figure 4.8: Mesh of the lattice structure and the impact ball.
4.1.4.2 Material Model
The sphere of the impactor is defined as a discrete rigid part. This means, that the sphere does
not have an associated material and acts as a rigid body without deformations. As a material
for the lattice structure and top surface is implemented PA12 (PA 2200 Performance 1.0). The
material properties of this polyamide are obtained from the technical properties provided by
EOS (EOS, 2010) and the compression tests achieved by Borzan et al. (C. Borzan et al., 2016).
The density is defined by ρ = 9,3 · 10−10 ton/mm2, the elasticity is isotropic with a elastic
modulus of E = 1700 MPa and a Poisson ratio ν = 0,4. The plasticity is modeled with Voce
extrapolation model, which follow the coming function (Voce, 1948):
σVOCE = σS+(σ0−σS) · e
(−ϕp
kv
)
, (Equation 4.5)
where σ0 is the initial stress according to Voce, σS is the saturation stress and kv a material
constant. In the following figure 4.9 is represented the engineering stress-strain curve of PA
2200 Performance 1.0 with the established material properties. In order to calculate the true
stress-strain curve that it is needed to calculate the Voce extrapolations model, the following
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approximations are used:
ε = ln(e+1) , σ = σ0 · (1+ ε) . (Equation 4.6)
Once the true stress σ and the true strain ε are calculated, the parameters of the extrapolation
model of Voce can be calculated. For that purpose, the solver from Excel is being used to
minimize the error between the extrapolation model and the true stress-strain curve by varying
the Voce parameters.
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Figure 4.9: Engineering stress-strain curve of PA 2200 Performance 1.0 according to calcu-
late Voce extrapolation model based on (C. Borzan et al., 2016).
Finally, the material properties of PA 2200 Performance 1.0, which are calculated or provided
by (EOS, 2010) are summarized in table 4.6.
Table 4.6: Material properties of PA 2200 Performance 1.0
Density ρ 9,3· 10−10 [t/mm3]
Elastic modulus E 1700 [MPa]
Poisson ratio ν 0,4
Strain hardening - isotropic according to von Mises
Voce parameters σ0 44,367 [MPa]
σS 59,565 [MPa]
kv 0,0438
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4.1.4.3 Boundary Conditions
The impact test is modeled with a quarter of the whole geometry, in which the symmetry con-
ditions reduce the size of the model. For this reason, two of the four lateral faces of the lattice
structure have symmetry boundary conditions. Moreover, the displacement of the bottom face
of the lattice structure is restricted in z direction. The other faces of the lattice structure are
free. The seam symmetry conditions are applied to the impact ball. Furthermore, the linear
movement of the impact ball is restricted in x and y and the rotational movement in all the
directions.
The impact sphere has a predefined velocity in z direction equivalent to the velocity before
impact vbi and it is calculated with the following expression from the equations of motion:
vbi =
√
2 ·g ·HD (Equation 4.7)
where g is the gravity and HD is the drop high.
In addition, the impact sphere has a mass of ms = 4,3 kg ton and the gravitational acceleration
g= 9807 mm/s2 attached on the reference point. Figure 4.10 shows the model with the different
boundary conditions.
  RP
XY
Z
Figure 4.10: Boundary conditions of the impact test model.
Moreover, a constraint between the top surface and the upper nodes of the lattice structure has
to be defined. This constraint is defined as a tie between surface and nodes. Finally, a general
surface contact interaction is defined. The iteration has a friction-less tangential behavior and a
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"hard" contact in normal behavior.
4.1.4.4 Simulation Method
A dynamic explicit analysis is used for the simulations with a global time step. Mass scaling is
used, in order to reduce the simulation time and do not choose a gross element edge length. For
mass scaling in necessary to define a minimal time step with the following equation (ABAQUS,
n.d.):
∆t∗ =
Lmin√
E
ρ
, (Equation 4.8)
where Lmin is the element edge length of the smallest element in the model, ρ is the density and
E is the elastic modulus. For this model, the minimal time step results to ∆t∗ = 2.339 ·10−6s.
The simulations are submitted in parallel with four processors with double accuracy (double
precision and full nodal output precision).
4.1.4.5 Simulation Results
As simulation output is necessary the following values of the reference point on the impact
ball: displacement in the vertical direction uz (Abaqus-abbreviation: U3) and acceleration in
the vertical direction az (Abaqus-abbreviation: A3).
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4.2 Midsole Design and Shoe Prototyping
In this phase, the midsole geometry and the prototypes of the shoes will be created. For this
purpose, it is divided into four stages. On the first stage, the shoe-last is designed. It is essential
beginning with this step since the last geometry will conditionate the midsole design. Then,
the midsoles will be designed. According to the results of cushioning properties of the lattice
structures, structures are selected to fill the midsole geometry. The next following is the fabri-
cation with additive manufacturing the midsoles. Finally, the midsoles will be assembled with
an upper part using a shoe-last. Figure 4.11 illustrate the methodology to be followed in this
chapter.
LAST
DESIGN
1
MIDSOLE
DESIGN
2 3
MIDSOLE
FABRICATION
4
ASSEMBLY
UPPER
Figure 4.11: Four stages of the midsole and shoe prototyping.
4.2.1 Shoe-Last Design
The shoe-last is the most critical part of the footwear design. This part reproduces the final
shape of the shoe. Its geometry approximates to the shape of the human foot. It is responsible
for the size, fit and style of the shoe. For this reason, the shoe-last is crucial for the comfort
of the shoe. The shoe-last designers usually start from an existing shoe-last and modify the toe
area (Mitchell, Jones, & Newman, 1995). In the market exist different shoe-design software that
enables to design shoe-lasts. The most common tools for last design are Icad3dplus developed
by INESCOP, Easylast 3D developed by Newlast group and Artec3D developed by General
Integration Technology (Medel, 2015). Moreover, the reduced cost of the laser scanners and the
3D-printing technologies enables the mass-customization of the shoe-last. Recently, researchers
and footwear-related companies are investigating computational systems to design shoe-last
based on 3D-scanned models (Luximon & Luximon, 2009).
According to the British footwear association, the most common foot length for men is 8.5 UK-
size, which is equivalent to a 42.5 EU-size or 26.7 of foot length (British Footwear Association,
2003). Moreover, Wunderlich and Cavanagh (Wunderlich & Cavanagh, 2001) studied the gen-
der differences in adult foot shape. They studied 293 men of the USA Army and reported a
mean foot length of 26.98 cm, which is equivalent to a 43 EU-size. Due to the proximity of the
population of the UK in comparison to the USA, the 42.5 EU-size will be used in this research
for the prototype of the midsole.
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In this research, it was not possible to access a license for a shoe-design software. Therefore, the
shoe-last had to be entirely designed with Rhinoceros 3D. The design of the shoe-last is based
on the shoe last of the trail running shoe Scott Palani in the EU-size 43 (because the department
did not have the size 42.5), with which the subjective tests are performed. For this purpose,
the running shoe without insole is filled in with casting plaster. Once the plaster is solidified, it
takes approximately the form of the shoe-last. In order to remove the last from the shoe, it is
necessary to cover the inside of the shoe with a plastic bag. The following step is to generate
the STL geometry of the last with a 3D-Scanner. In this research, the 3D-Scanner "Sense" from
Stratasys was used. By using CAD, the STL an approximated geometry of the scanned one is
generated. Figure 4.12 shows the final last-shoe geometry for the 43 EU-size.
283,5
Figure 4.12: Final geometry of the last-shoe for the 43 EU-size (mm).
4.2.2 Midsole Design
On the basis of the geometry of the last-shoe and the 3D-geometries of the 3D-scanned shoes,
the midsole of the prototype is designed. Some elements of the upper have been included to the
midsole design, such as stability elements on the rear part of the midsole, a holding and lacing
system and a tip of the shoe. These elements permit the runner to have better stability during
the gait. Figure 4.13 shows the final geometry of the midsole prototype, in which the lattice
structure can be changed using Grashopper. The algorithm used for the generation of the lattice
structure is shown in the appendix D.2. To ensure a proper print of the midsoles the STL file is
imported to the CAS/CAM-software Magics V23. In this software, the mesh is automatically
repaired. This software is also used by MiMed for the print with SLS.
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Figure 4.13: Rendering of the final geometry of the midsole prototype.
The most important parameters of the midsole, explained in chapter 2.1.3, are shown in the
following table 4.7.
Table 4.7: Geometry parameters of the midsole of the shoe prototype
Minimal hell height Hh 36 mm
Drop ∆h 11,2 mm
Total length L 296 mm
Position of the apex AP 206 mm
Rocker Angle RA 14,17 °
4.2.3 Shoe Prototyping
The midsoles are also printed by the institute of the Technische Universität München MiMed.
The procedure for the print is the same followed for the print of the samples of lattice structures,
which is explained in section 4.1.2. According to the discussion of the results of the study on
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the simulation of lattice structures, the structure edge octahedron was selected doe to lowest
peak accelerations during an impact. It was not possible to print the midsoles with a natural
scale. For this reason, the midsoles were printed with a scale of 1:0.9, which varies equally
the dimensions of the shoe as well as the dimensions of the unit cell and beam diameter in the
lattice structure. To this effect, the dimensions of the final shoe prototype are summarized in
table 4.8
Table 4.8: Geometry parameters of the midsole of the shoe prototype
Shoe size 38.5 EU
Minimal hell height Hh 32,4 mm
Drop ∆h 10,1 mm
Total length L 266,4 mm
Position of the apex AP 185,4 mm
Rocker Angle RA 14,17 °
UC dimensions (x,y,z) AP 4,5 mm
Beam diameter DB 1,17 mm
Mass of the shoe mS 219 g
In the following paragraphs, it will be explained the procedure for the assembly of the midsoles
with the upper. Figure 4.14 shows the final result of the shoe prototypes.
Figure 4.14: Final shoe prototypes.
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4.2.3.1 Shoe-Last
The shoe-last is an important part to joint the midsole with the upper. Initially, it was wanted to
print the shoe last with FDM-technology. Due to the costs of the manufacture of the lasts, this
option was rejected. Finally, the shoe-lasts was made with modeling clay. For this purpose, the
midsoles were covered with a plastic film and filled with clay, as shown in figure 4.15.
Figure 4.15: Shoe-last fabrication.
4.2.3.2 Upper
For the upper part, two socks Lurbel Performance Cool of the size 39-24EU are selected. These
socks are manufactured with a 65% polyester, 27% polyamide and 8% elastane and does not
have a thicker fabric in the sole for impact cushioning. The transparent and flexible contact
glue from Pattex is used to glue the socks with the midsole. The Quicklace system developed
by Salomon is used for the lacing.
4.2.3.3 Insole
The insole is fabricated with a gel material analyzed by the department of sports equipment.
Its nomenclature is 50 DURO Sheet and it has a thickness of 1/8”. Figure 4.16 shows the final
result of the insoles for the shoe prototypes.
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Figure 4.16: Insoles for the shoe prototypes.
4.2.3.4 Outsole
In order to provide a bigger grip to the midsoles, these are glued with contact glue to glass paper
with a grit size of 40 gr. Figure 4.16 shows the final result of the outsoles of the shoe prototypes.
Figure 4.17: Outsole of the shoe prototypes.
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4.3 Measurement of Discomfort
In the study on discomfort, the relationship relationships between discomfort and cushioning
properties will be explored. For this purpose, a field analysis with subjects will be done. The
subjects will provide their subjective discomfort perception of ordinary running shoes (Scott
Palani) in comparison with the 3D-printed shoes. The discomfort measurement will be done
with the Yes-No question method and Visual Analog Scale, which have the best reliability in
the field footwear discomfort measurement (Hoerzer et al., 2016).
4.3.1 Volunteers
The main constraint for choosing a volunteer has been the shoe size. The 3D-printed shoes
have a size EU38,5, which is the same size for the ordinary running shoes. Therefore, the
volunteers must have a foot size comprised between EU38 and EU39 so that the fit does not
have a relevant influence on the discomfort perception. In order to have comparative results, the
volunteers must be females aged between 18 and 30. Other relevant criteria for the selection of
volunteers is that they must be active-sporty persons. As a reward, snacks, drinks and a pair of
socks have been offered to them.
In order to find volunteers, an advertisement (Annex D.XX) has been posted in the social net-
works. The limitation of the shoe size was a big drawback by the time of finding volunteers.
4.3.2 Questionnaire
For the measurement of the subjective data, a questionnaire has been designed. As seen in the
literature review, Yes-No questions are the tool with the best intra-reliability (Hoerzer et al.,
2016). Nevertheless, Yes-No questions do not allow to quantify the degree of change. Because
of this, the Visual Analog Scale (VAS) of 100mm is also used since is the best rating tool to
measure comfort perceptions from runners (Mündermann et al., 2002; Mills et al., 2010).
The questionnaire consists of four different parts. In the first part, the personal information is
asked and it consists in eight questions: age, height, weight, foot length, running activity per
week, sports activity per week, previous injuries and operations in the last year. Secondly, the
tactile perception is explored. For this purpose, tactile sensory evaluator based on a filament
proves the perception in six different regions of the foot. Thirdly, three questions about the
general shoe perception are formulated. These questions are if they notice any pain and where,
if they notice any difference between shoes and how difficult is to run with the 3d-printed shoes.
Next, it is asked about the discomfort perception. This part is composed of four questions
in form of VAS, which ask about the discomfort of the fit, cushioning, stability and overall
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comfort and one question about how many times the 3d-printed shoe is perceived stiffer than
the baseline shoe. Finally, the volunteers can write other observations that they have perceived.
The questionnaire is represented in figure 4.18 and figure 4.19.
QUESTIONNAIRE   Nº
1. Subject Information
2. Tactile Perception 
3. General Shoe Perception 
1.1 Age:
1.2 Weight:
less than 1 hour less than 1 hour
yes
yes
yes yes
more than 5 hour more than 5 hour
between 1 and 3 hours between 1 and 3 hours
no
no
no no
What type of injuries? Where?
What type of operation? Where?
between 3 and 5 hours between 3 and 5 hours
1.3 Height:
1.4 Foot length:
1.5 How many hours per WEEK do yo u run: 1.6 How many hours per WEEK do yo u practice sports:
2.1 On which region do you notice the sensory evaluator? 
1.7 Have you had previous injuries in last six months?
1.8 Have you had operation in last year?
3.1 Did you notice any pain? 3.2 Did you notice any di erence?
................
................ kg
................ m
................ m m
....................................................................
....................................................................
3.1.2 Where?
Figure 4.18: First page of the questionnaire for the study on discomfort.
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4.1 How do you value the  t of the 3D-printed shoes?
3.3 How di!  cult was it to run with the 3D-printed shoes?
4.2 How do you value the cushioning of the 3D-printed shoes?
4.2.1 Forefoot:
4.2.2 Rearfoot:
4.4 How do you value the stability of the 3D-printed shoes?
4.3 How many times the prototype (3d printed shoe) is perceived sti" er than baseline shoe?
4.5 How do you value the overall comfort of the 3D-printed shoes?
4.6 Other observations: 
uncomfortable comfortable
uncomfortable comfortable
di!  cult easy
uncomfortable comfortable
uncomfortable comfortable
uncomfortable comfortable
equal (1 time)  5 times
uncomfortable comfortable
4. Discomfort Perception
FOREFOOT MIDFOOT REARFOOT
Figure 4.19: Second page of the questionnaire for the study on discomfort.
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4.3.3 Study Protocol and Definition of Variables
To ensure that the results of the subjective test are comparable, it is important to establish a
study protocol. In this section, it will be explained the procedure of the subjective tests as well
as the relevant variables evolved in the experiments.
The subjective tests will be divided into five stages. In the first part, the volunteer will fill the
subject information of the questionnaire. Continually, the tactile perception will be tested with
the sensory evaluator. In the second part, the volunteer will wear the baseline running shoes
(Scott Palani) and will warm-up three minutes with a recovery pace (HR: Zone 1). Thirdly, it
will be explained to the volunteer that the study is focused on the discomfort of the running
shoes and that should pay attention to the cushioning of the shoes. Then, the subject will run a
lap in the athletic track with an athletic base pace (HR: Zone 2). The length of the athletic track
is of four hundred meters. Once the lap is completed, the subject will wear the shoe prototypes.
After that, the volunteer will run another lap in the athletic track. The time between laps should
be approximate of one minute. Once the second lap is completed, the subject will fill the rest
of the questionnaire. The diagram of figure 4.20 enables the reader a better understanding of
the steps of the experimental procedure. It is important that the external conditions remain as
1 2 3 4 5
Scott Palani shoes
3 minutes
recovery pace
Subject information
Tactile perception
General perception
Discomfort perception
Observations
Scott Palani shoes
400 meters
base aerobic pace
3D-printed shoes
400 meters
base aerobic pace
QUESTIONNAIRE WARM-UP BASELINE SHOE PROTOYPE SHOE QUESTIONNAIRE
Figure 4.20: Steps of the experimental procedure for the subjective tests.
constant as possible. For this reason, the athletic track is always the "Parc Atlètic Tossols"
shown in figure 4.21, which has a public access and the tests must be done with sunny weather
and an external temperature between 15°C and 20°C.
Figure 4.21: Athletic track "Parc Atlètic Tossols".
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The most relevant variables of the subjective test are exposed in table 4.18.
Table 4.9: Definition and explanation of each subjective test variable.
Variable Type of variable Explanation Possible Values Unity
Warm-up duration Control Time duration for warm-up W ∈ {180} [s]
Trial duration Control Distance duration for every trial X ∈ {400} [m]
Foot size Control Foot size from the subjects FS ∈ N[38,39] [EU]
Shoe size Control Shoe size from the subjects SS ∈ {38.5} [EU]
Room temperature Control Ambient temperature during the
subjective test
T ∈ R[15,20] [°C]
Difficulty of running Dependent How difficult is for the subject to
run with the prototype shoes
D ∈ N[0,100] [mm]
Perception on fit Dependent How do the subject notice the
discomfort of the fit of the proto-
type shoes
F ∈ N[0,100] [mm]
Perception on cush-
ioning
Dependent How do the subject notice the
discomfort of the cushioning of
the prototype shoes
C ∈ N[0,100] [mm]
Perception on fore-
foot cushioning
Dependent How do the subject notice the
discomfort of the forefoot cush-
ioning of the prototype shoes
FC ∈N[0,100] [mm]
Perception on rear-
foot cushioning
Dependent How do the subject notice the
discomfort of the rearfoot cush-
ioning of the prototype shoes
RC ∈ N[0,100] [mm]
Perception on
stiffnes
Dependent How do the subject notice the
stiffness of the prototype shoes
in comparison to the baseline
shoe
SF ∈ N[0,100] [mm]
Perception on stabil-
ity
Dependent How do the subject notice the
discomfort of the stability of the
prototype shoes
SB ∈ N[0,100] [mm]
Overall comfort Dependent How do the subject notice the
overall discomfort of the proto-
type shoes
OC ∈N[0,100] [mm]
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5 Study on Cushioning Properties
In this chapter are summarized and discussed all the necessary results for the design of the 3D-
printed midsole. This chapter is divided into four different studies; the cushioning of running
shoes, the cushioning of lattice structures, the simulation of the cushioning of lattice structures
and the cushioning of the 3D-printed shoes and a final discussion.
5.1 Cushioning of Running Shoes
In the first subsection of the study of cushioning properties are analyzed eight different running
shoes. These are summarized in table 5.1 with relevant technical data for their interpretation.
Table 5.1: Studied running shoes for the study on cushioning properties and relevant techni-
cal data the in size 42 (D=Dry; W=Wet)
Code Trademark Model Modality Terrain Drop M.Height Weight
∆h [mm] Hh [mm] Ws [g]
TR01 Scott Palani Road Hard 11 26 280
TR02 Scott Kinabalu Trail Hard 11 29 322
TR03 Scott Supertrac RC Trail Dry 5 30 253
TR04 Scott SupertracUltra RC Trail D/W 8 30 340
TR05 Salomon Sense Ultra 4 Trail D/W 4 18 233
TR06 Salomon Sense Ride Trail Dry 8 27 275
TR07 Salomon Speedcross 4 Trail Wet 10 36 294
TR08 LaSportiva Mutant Trail D/W 10 33 310
TR09 Inov-8 X-talon 212 Trail D/W 6 32 279
TR10 Brooks Cascadia 12 Trail D/W 10 36 403
As seen in the previous table, most of the shoes are for trail-running usage. The type of terrain
is described in the function of the pattern of the outsole. The values of drop range between 4
and 11 mm. The values of maximal hell high range between 18 and 36 mm. Finally, the values
of weight range between 233 and 403 g.
The cushioning properties of the running shoes have been measured using an impact tester
following the methodology described on the subsection 4.1.3.1. The following figure 5.1 shows
the curves of acceleration-time for each tested shoe. In grey are represented the first five drops,
which are not taken into account for the interpretation of the results.
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Figure 5.1: Acceleration-time curves often running shoes obtained by the impactor described
on chapter 4.1.3.1
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The accuracy error of the accelerometer is integrated twice in the time for the calculation of
the displacement of the impactor. For this reason, the displacement of the impactor is not zero
at the end of the cycle, when the acceleration remains constant with a value of aZ = 0m/s2.
Therefore, the displacement of the first impact is the only measured and has an approximate
value. A displacement sensor would be needed in order to have more accurate results. Although
is not possible to have accurate measurements of the displacement, the percentage of dissipated
energy of the impact can be calculated by measuring the difference of acceleration between the
peaks of acceleration using the dissipation rate ζ .
The results of the five last impacts are taken into account to calculate the average acceleration-
time curve. The mean curve is used for the interpretation of the results. Table 5.2 summarizes
the cushioning properties of the tested shoes. As cushioning properties, there are measured the
following variables: the peak acceleration (amax1), the time for this acceleration tmax1 and the
equivalent peak force of this acceleration Fmax1; the maximal displacement of the impactor’s
sphere dmax; the parameters of the cushioning curve dissipation rate ζ and the stability time
ts and the absolute error of the cushioning curve in relation to the six first acceleration peaks
e2abs; the time just before the impact t0 and the total time of impact tT I (tT I = ts− t0). The
mean acceleration-time curves and the cushioning curves of the running shoes are represented
in figure 5.2.
Table 5.2: Cushioning variables of the eight different running shoes (Blue=minimum,
Red=maximum)
Code amax1 tmax1 Fmax1 dmax ζ ts e2abs[6] t0 tT I
[g] [s] [N] [mm] [-] [s] [g2] [s] [s]
TR01 15,155 0,613 639,09 62,615 42,864 1,213 1,007 0,6 0,613
TR02 15,902 0,612 670,61 62,139 29,188 1,355 0,039 0,599 0,756
TR03 15,420 0,617 646,97 70,002 23,648 1,425 0,148 0,603 0,822
TR04 14,912 0,610 628,84 54,962 29,307 1,328 0,358 0,598 0,730
TR05 16,884 0,619 712,00 65,949 31,743 1,351 0,259 0,606 0,745
TR06 14,222 0,616 599,75 67,584 28,075 1,331 0,152 0,603 0,728
TR07 13,580 0,611 572,66 57,630 21,928 1,403 0,349 0,597 0,806
TR08 13,981 0,613 589,59 62,293 32,885 1,271 0,434 0,599 0,672
TR09 14,970 0,618 631,30 68,651 29,731 1,329 0,095 0,603 0,726
TR10 13,707 0,614 578,04 60,367 25,023 1,359 0,240 0,599 0,760
Di f rel 19,56% 1,45% 19,56% 18,04% 48,84% 14,87% - 1,45% 34,09%
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Figure 5.2: Mean acceleration-time curves of ten running shoes
Based on to the results observed on table 5.2 and figure 5.2, the following conclusions can be
reached:
− The highest and the smallest peak accelerations coincide with the highest and the lowest
peak force since the force is a function of the acceleration.
− The highest peak acceleration coincides with the biggest time before the impact and the
lowest peak acceleration coincide with the lowest time before the impact. The reason for
this relationship is that the time before the impact is related to the velocity of impact (the
bigger the time before impact, the bigger the velocity of impact and the kinetic energy).
The values of the time before impact are also related to the maximal hell high because the
drop high remains constant. For this reason, the running shoes with higher hell high have
lower peak accelerations and vice versa. The maximal relative difference of maximal
accelerations is Di f rel=19,56%.
− The dissipation rate ζ provides information on the energy dissipated in the system. The
highest value of cushioning parameter has been observed in TR01, which correspond to
the only road running shoe. In this case, the pavement is significantly stiffer than the
trail. For this reason, it is needed more energy dissipation. Otherwise, the lowest value
of cushioning parameter has been observed in TR07, which correspond to a trail-running
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shoe for wet conditions. On this occasion, the dissipation rate has a big maximal relative
difference of Di f rel=48,84%.
− The total time of impact tT I has also a big variance of values. Its maximal relative dif-
ference is Di f rel=34,09%. On this instance, the maximal total time of impact occurs in
TR03, which is also responsible for the maximal displacement of the impactor’s sphere
dmax. Alternatively, the maximal total time of impact occurs in TR01, which is also
responsible for the maximal dissipation rate ζ , which indicate the degree of energy dissi-
pation.
− The model of the cushioning curve as a quadratic function is a good approximation since
the maximal absolute error is e2abs=1,007 g
2.
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5.2 Cushioning of Lattice Structures
For the study on the cushioning properties of the lattice structures, it has been followed the
methodology described of chapter 4.1. In total, ten different structures have been printed in
three iterations. In the following table 5.3 are shown the characteristics of the samples and in
which iteration have been printed.
Table 5.3: Characteristics of the printed samples for the study on cushioning of lattice struc-
ture.
Code Iteration Typology Relative density Beam Diameter UC Dimensions
ρ˜/ρs [-] DB [mm] UCx,y,z [mm]
S01 1 Body Centred 0,0547 0,6 5 x 5 x 5
S02 1 Body Centred 0,0944 0,8 5 x 5 x 5
S03 1 Body Centred 0,138 1,0 5 x 5 x 5
S04 1 Body Centred 0,0307 0,6 7 x 7 x 7
S05 1 Edge Octahedron 0,0766 0,6 5 x 5 x 5
S06 1 Vertex Octahedron 0,0678 0,6 5 x 5 x 5
S07 2 Body Centred 0,2363 1,5 5 x 5 x 5
S08 2 Body Centred 0,3879 2,0 5 x 5 x 5
S09 2 Body Centred 0,5307 3,0 7 x 7 x 7
S10 3 Body Centred 0,1801 1,3 5 x 5 x 5
From the six samples printed in the first iteration, the samples with a diameter of beam DB=0,6
mm was not printed correctly. The diameter of 0,6 mm is too small to being printed with
FORIMIGA P110. The reason why they could not be printed is that the diameter of 0,6 mm is
comprised in a plane at 45°. The minimal thickness of this diameter on the horizontal plane,
on which the laser is acting, would be DBH =0,315 mm. Under this consideration, the minimal
printable diameter of the beam for the BC structure should be DB=0,951 mm. Nevertheless, the
structure with a diameter of DB=0,8 mm could be printed. The remaining samples S02 and S03
were tested with the impactor and broke with the first trial. The samples S01-S06 before the
impact test are shown in figure 5.3 (a).
Two different causes could lead to the break of the samples S02 and S03. The first reason is
that the diameter of the beam is too small to carry the resulting tensions of the impact test. The
second reason is that the force of impact is concentrated in a very small region at the beginning
of the impact. In order to overcome this two causes, the diameter of the beam has been increased
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for the next samples and a surface with a thickness of 1 mm is added to the top and the bottom
of the sample. In this way, the impact force would be better distributed. This sample does
not break and the impact test could be realized with success. The samples S07-S09 before the
impact test are shown in figure 5.3 (b).
Finally, another sample was printed in order to have more experimental information about the
cushioning of the lattice structures. In this case, the diameter of the beam was chosen between
the diameters of S07 and S03. The samples S10 before the impact test is shown in figure 5.3
(c).
(a)
(b)
(c)
Figure 5.3: Samples S01-S10 before the impact test
The cushioning properties of the lattice structures have been measured using an impactor fol-
lowing the methodology described on the subsection 4.1.3.1. The following figures 5.5,5.6,5.7
and 5.8 show the curves of acceleration-time for each tested sample. The samples are tested with
an insole (G) and without insole (S) and for two different highs A1=75 mm and A2=64 mm. In
grey are represented the first five drops, which are not taken into account for the interpretation
of the results.
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Figure 5.4: Acceleration-time curves of the sample S10 obtained by the impactor described
on chapter 4.1.3.1. Where G = with gel, S= without gel; A1=75 mm, A2=64 mm
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Figure 5.5: Acceleration-time curves of the sample S7 obtained by the impactor described on
chapter 4.1.3.1. Where G = with gel, S= without gel; A1=75 mm, A2=64 mm
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Figure 5.6: Acceleration-time curves of the sample S8 obtained by the impactor described on
chapter 4.1.3.1. Where G = with gel, S= without gel; A1=75 mm, A2=64 mm
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Figure 5.7: Acceleration-time curves of the sample S9 obtained by the impactor described on
chapter 4.1.3.1. Where G = with gel, S= without gel; A1=75 mm, A2=64 mm
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The results of the five last impacts are taken into account to calculate the average acceleration-
time curve. The mean curve is used for the interpretation of the results. Table 5.4 and figure 5.8
show the cushioning properties of the tested samples without gel.
Table 5.4: Cushioning variables of the samples S07-S10 without gel
Code amax1 tmax1 Fmax1 dmax ζ ts e2abs[9] t0 tT I
[g] [s] [N] [mm] [-] [s] [g2] [s] [s]
1,3A1S 33,825 0,600 1426,4 62,615 27,185 1,724 2,981 0,594 1,130
1,5A1S 40,776 0,603 1719,6 57,328 34,576 1,682 6,811 0,596 1,086
2,0A1S 47,609 0,602 2007,7 58,079 49,622 1,597 28,57 0,596 1,001
3,0A1S 44,939 0,589 1895,1 49,841 61,705 1,471 120,4 0,586 0,885
Di f rel 24,73% 2,376% 28,95% 25,94% 55,94% 17,19% - 1,706% 21,68%
1,3A2S 30,010 0,590 1265,51 46,254 26,111 1,679 6,664 0,583 1,096
1,5A2S 32,097 0,596 1353,53 43,567 27,116 1,718 14,74 0,590 1,128
2,0A2S 44,443 0,594 1874,20 43,964 40,909 1,646 7,131 0,588 1,058
3,0A2S 33,314 0,589 1404,87 40,280 34,73 1,615 57,61 0,584 1,031
Di f rel 32,273% 1,174% 32,477% 5,208% 36,37% 6,377% - 1,186% 21,68%
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Figure 5.8: Mean acceleration-time curves of the samples S07-S010 without gel.
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The results of the five last impacts are taken into account to calculate the average acceleration-
time curve. The mean curve is used for the interpretation of the results. Table 5.5 and figure 5.9
show the cushioning properties of the tested samples with gel.
Table 5.5: Cushioning variables of the samples S07-S10 with gel
Code amax1 tmax1 Fmax1 dmax ζ ts e2abs[6] t0 tT I
[g] [s] [N] [mm] [-] [s] [g2] [s] [s]
1,3A1G 29,179 0,598 1230,5 46,135 166,93 1,023 12,99 0,591 0,613
1,5A1G 30,394 0,601 1281,7 53,819 248,50 0,955 14,01 0,595 0,756
2,0A1G 33,129 0,601 1397,0 50,604 519,70 0,854 6,26 0,595 0,822
3,0A1G 31,891 0,596 1344,8 46,802 730,02 0,806 6,66 0,590 0,730
Di f rel 11,92% 0,33% 11,92% 8,83% 77,13% 21,21% - 1,45% 34,09%
1,3A2G 24,551 0,589 1035,31 39,213 189,43 0,954 7,504 0,581 0,373
1,5A2G 25,044 0,593 1056,13 45,248 259,53 0,908 10,50 0,585 0,323
2,0A2G 29,982 0,5915 1264,36 39,498 840,92 0,781 4,835 0,585 0,196
3,0A2G 28,486 0,5865 1201,28 36,461 825,12 0,773 3,944 0,580 0,193
Di f rel 18,114% 1,095% 18,115% 24,10% 77,04% 23,415% - 0,172% 48,257%
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Figure 5.9: Mean acceleration-time curves of the samples S07-S010 with gel.
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Based on the results without gel observed on table 5.4 and figure 5.8, the following interpreta-
tions can be reached:
− The maximal acceleration and dissipation ratio decreases by reducing the beam diameter
of the lattice structure.
− In contrast, the maximal displacement and the total time of impact increases by reducing
the beam diameter of the lattice structure.
− The curve of dissipation with the quadratic expression has a good correlation with the
acceleration peaks measured by using the lattice structures.
− The drop height influences the peaks of acceleration and the variables of the curve of dis-
sipation. The differences between lattice structures of peak acceleration and dissipation
variables do not change proportionally with the drop height.
In accordance with the results with gel observed on table 5.5 and figure 5.9, the following
conclusions can be drawn:
− The maximal acceleration and dissipation ratio decreases by reducing the beam diameter
of the lattice structure.
− In contrast, the maximal displacement and the total time of impact increases by reducing
the beam diameter of the lattice structure.
− The curve of dissipation with the quadratic expression has a very good correlation with
the acceleration peaks measured by using the lattice structures.
− The drop height influences the peaks of acceleration and the variables of the curve of
dissipation. The differences between lattice structures of peak acceleration do not change
proportionally with the drop height but the dissipation variables seem to have a propor-
tional relationship with the drop height.
In regard to the comparison with and without gel, it can be arrived the to following conclusions:
− The peak accelerations have slightly decreased by adding a gel on the top surface. More-
over, the differences between peak accelerations have decreased in this second case.
− The dissipation ratio and the inverse of the total time have considerably increased by
adding a gel on the top surface.
− The frequency of peaks of acceleration has considerably decreased by adding a gel on the
top surface.
− The peak of acceleration, the dissipation ratio and the total time of impact in function of
the relative density are represented in figure 5.10 for each condition.
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Figure 5.10: The peak of acceleration, the dissipation ratio and the total time of impact in
function of the relative density for the sample S07,S08 and S10.
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5.3 Simulation of the Cushioning of Lattice Structures
In this subsection, the results of the simulations of the impact test explained in chapter 4.1.4
are represented. The simulations are divided by purpose into two parts: the calibration and
validation of the model and the design of the structures of the midsoles.
5.3.1 Calibration and validation of the model of simulation
The simulations will be run following an iterative process in order to calibrate and validate the
model. In this case, there is two parameter that it can be calibrated. These are the diameter of
the beams on the region around the DJ nodes and the elastic and plastic properties of the PA12.
For this project, the diameter of the beams on the region around the DJ nodes will be the only
studied variable for the calibration of the model. The material properties remain constant for
all the simulation and they were explained in chapter 4.1. As it was explained chapter 2.4.3,
the recommendation for increasing the diameter of the beams on the region around the nodes
is DJ = 1,40 ·DB. Nevertheless, this section attempts to validate this recommendation. Then,
the results of the objective tests of the lattice structures from the last chapter are used to achieve
this aim. For this reason, the structure BC is the only use for the calibration. The variable of
the objective data collected by the impactor and calculated by the simulation is the first peak
acceleration of the five last tests.
For the calibration of the model, the model of BC structure has been simulated for six different
conditions; three different beam diameters and two different drop heights. These conditions
coincide with the tested samples in the previous section. For each condition, four simulations
with different beam diameter have been run. Since the tensile tension depends on the section
of the object and the section varies with the square of the radius, the proportionality constant κ
will be related to the square root of the fraction of radius. Then, the proportionality constant κ
follows the next expression:
κ2 =
DJ
DB
(Equation 5.1)
Figure 5.11 shows the results of the peak acceleration for each condition and in function of the
joint diameter. Moreover, a extrapolation of values of peak acceleration are also represented in
each diagram. Additionally, the results of the simulations are also summarized in table 5.6.
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Figure 5.11: Peak acceleration in function of the joint diameter for each condition.
Table 5.6: Results of the peak acceleration in function of the joint diameter.
RB=0,65 mm RB=0,75 mm RB=1,00 mm
Opt. amax1=33,825g amax1=40,776g amax1=47,609g
κ RJ amax1 erel RJ amax1 erel RJ amax1 erel
[-] [mm] [g] [%] [mm] [g] [%] [mm] [g] [%]
1 0,650 19,849 41,32 0,750 24,551 39,79 1 36,229 23,90
1,125 0,823 24,721 26,92 0,949 24,50 15,51 1,266 39,772 16,46
1,25 1,016 28,706 15,13 1,172 15,63 9,88 1,563 45,740 3,93
1,5 1,463 29,524 12,72 1,688 36,745 3,97 2,250 51,902 9,02
Opt. amax1=30,010g amax1=32,097g amax1=44,443g
κ RJ amax1 erel RJ amax1 erel RJ amax1 erel
[-] [mm] [g] [%] [mm] [g] [%] [mm] [g] [%]
1 0,650 17,548 38,83 0,750 21,730 32,29 1 31,904 28,21
1,125 0,823 22,061 24,77 0,949 27,208 15,23 1,266 34,068 23,35
1,25 1,016 25,718 13,37 1,172 30,029 6,44 1,563 39,078 12,07
1,5 1,463 25,914 12,76 1,688 32,010 0,27 2,250 44,198 0,55
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From the results of the calibration of the model, several conclusions can be reached. Firstly, the
peak acceleration increases with the diameter of the joint until a maximal value. For this reason,
it is not always possible to reach the desired value by increasing the diameter of the joint. The
following sigmoid function extrapolates the results between κ=1 and κ=1,5 with high accuracy.
Despite the expression has not a physical meaning, the parameter a can be understood as the
maximal peak acceleration that can be reached.
amax =
a · (κ− c)√
b+(κ− c)2 (Equation 5.2)
The values of the parameters of extrapolation and the optimal value for κ to reach the acceler-
ation of the experiments are summarized in table 5.12.
Table 5.7: Model of extrapolation of the peak acceleration in function of the joint diameter
for each condition.
RB [mm] 0,65 0,75 1 0,65 0,75 1
HD [mm] 75 75 75 46 46 46
a [mm/s2] 31,500 40,679 105,934 27,456 33,861 84,770
b [-] 0,052 0,101 6,077 0,038 0,057 5,532
c [-] 0,816 0,759 0,103 0,839 0,801 0,057
amax [mm/s2] 33,825 40,776 47,609 30,01 32,097 44,443
κ [-] - - 1,342 - 1,509 1,505
The results of the peak acceleration for the lattice structure with a beam diameter of DB=1,3 mm
cannot be reached by changing the join diameter. This reflects that the calibration by changing
the join diameter is not enough for the calibration of the model. Two different measures can be
adopted to enhance the model. The first measure is to change the mechanical properties of the
material and the second is to change the radius of influence of the joint. In this project, these
measures will not be taken and the proportionality constant κ is defined as κ=1,5.
5.3.2 Simulation of cushioning properties of lattice structures
The aim of this subsection is to select a typology for the design of the midsoles of the prototypes.
This selection will be based on the results of simulation of the eight different lattice structures.
The calibration of the model with experimental data was done with the body-centered structure.
For this reason, BC with a beam diameter of DB= 1mm is the structure of reference. The
other structures will have the same relative density. This criterion is adopted with basis on the
equations 2.5 and 2.6 in chapter 2.4, where it is expressed that the stiffness and resistance are
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directly related to the relative density. For this reason, in order to compare different impact
accelerations, the structures will also have the same relative density. Moreover, the proportion
of the beam diameters for the joint diameter κ=1,5 found in the previous section will be applied
to the simulations. The structures dodecahedron and truncated octahedron have a beam length
smaller than 2 mm, which is the sum of the reinforced lengths around the nodes. Therefore,
these two structures are simulated without reinforcement in the nodes. All the simulations
are launched with the same boundary conditions explained in chapter 4.1.4. In this case, the
material has not plasticity and the drop height is HD=75mm. Figure 5.11 represents the results
of the acceleration-time curves of the simulations.
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Figure 5.12: Results of the acceleration-time curves of the simulations for eight typologies of
lattice structure
Table 5.8 summarizes the results of the maximal acceleration and maximal mechanical tension
of the different structures.
As it can be seen in figure 5.12 and table 5.8 the maximal acceleration varies between typologies
of lattice structures. The edge octahedron reaches the minimal peak acceleration while the max-
imal peak acceleration is obtained with the vertex octahedron. The highest relative difference
between maximal peak accelerations is of Di frelmax=39.14%. The curves of the typologies TO
and DO has only a representative because of its simplification. However, the values of the peak
acceleration will be higher than the obtained values by the simulation. Another characteristic
that it can be seen is the peak of tension. Regarding this property, the structures, which have
beams in the direction of the impact, have much higher peaks of tension than the other struc-
tures. This effect can cause a buckle of the beams and a break of the structure. The Maxwell
number does not seem to influence the peak of acceleration or the peak of tension.
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Table 5.8: Relevant results of the simulations for eight typologies of lattice structure.
Topology Beam Diameter Joint Diameter Max. Acceleration Max. Tension
DB [mm] DJ [mm] amax [g] σmax [MPa]
BC 0,750 1,687 36,745 224,1
BCC 0,599 1,347 42,942 970,6
EO 0,630 1,417 28,883 251,9
ST 0,630 1,417 45,568 845,3
FCC 0,545 1,203 45,345 885,8
VO 0,664 1,494 47,461 250,4
TO* 0,638 - 28,032 -
DO* 0,545 - 31,913 -
The structures BCC, ST and FCC are dismissed for the design of the midsole because of their
high peak of tension. The structures TO and DO are also rejected due to the lack of informa-
tion. The structures BC, EO and VO have similar values of the peak of tension. However, the
structure EO has the lowest peak acceleration. For this reason, the structure EO is selected for
the design of the midsole.
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5.4 Cushioning of the 3D-Printed Shoes
In this section, the cushioning properties of the 3D-printed shoes using the same methodology
used in section 5.1 are studied. In this way, the obtained results are comparable to the cushioning
of the running shoes. The properties of the lattice structure of the shoe prototype were not
tested with a sample. The chosen lattice structure is EO since has shown the smallest peak
accelerations. The unit cell dimensions have changed due to the scale factor of 0,9 applied in the
fabrication. Nonetheless, the relative density remains constant. For the purpose of comparing
the two lattices structures, the 3D-printed shoes are also tested with a drop height of HD=64
mm, as in section 5.2. The 3D-printed shoes are analyzed with gel. Figure 5.13 shows the
results of the impcator for the two different drop heights.
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Figure 5.13: Acceleration-time curves of shoe prototype obtained by the impactor described
on chapter 4.1.3.1. Where A1=75 mm, A2=64 mm
Figure 5.14 and table 5.9 compares the two shoes used in the subjective study, the 3D-printed
shoe (PTP) and the Scott Palani (TR01).
Table 5.9: Comparison of the acceleration-time curves the 3D-printed shoe (PTP) and the
Scott Palani (TR01) for the same drop height
Code amax1 tmax1 Fmax1 dmax ζ ts e2abs[6] t0 tT I
[g] [s] [N] [mm] [-] [s] [g2] [s] [s]
TR01 15,155 0,613 639,1 62,615 42,864 1,214 1,007 0,600 0,614
PTP 25,096 0,607 1058,3 56,826 92,843 1,134 4,846 0,598 0,536
Di f rel 39,61% 0,97% 39,61% 9,24% 53,83% 6,58% - 0,33% 12,70%
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Figure 5.14: Comparison of the acceleration-time curves the 3D-printed shoe (PTP) and the
Scott Palani (TR01) for the same drop height.
From the comparison between the two shoes, it can be observed that the peak acceleration of
the 3D-printed shoe is a 39,61% higher. The dissipation ratio of the 3D-printed shoe is also a
53,83% bigger. Nonetheless, the time of impact is quite similar, s 12,7% bigger for the lattice
structure.
In addition, the lattice structure of the shoe prototype has lower peak accelerations than the BC
structure of DB=1,3 mm. This supports the results of the simulations with the various typologies
of the lattice structure.
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5.5 Discussion
Firstly, in the study on the running shoes, it has been observed that the running shoes have
a similar response to the impact test. Their differences can be explained by comparing the
usage of the running shoe and the height of the midsole. A more accurate impact test could
be reached by testing the running shoes with different heights. In this way, the trends of the
cushioning variables could be explored and an extrapolation could be found to calculate the
parameters for real conditions.
Secondly, in the study on the lattice structures, could be observed the behavior of the lattices
structures in the impact test. The lattice structures have a similar response to the running shoes.
The dissipation ratio and the total time of impact have comparable results to the running shoes.
Nevertheless, the stiffness of the nylon generates a high frequency of acceleration peaks and
the achieved minimal peak acceleration was a 60% than the maximal achieved with the running
shoes. These differences can be resolved by adding an insole. With which the damping ratio is
augmented but the frequency of acceleration peaks is stark reduced.
Moreover, in the study on the simulation of the lattice structures, could be studied the modeling
of lattice structures. In the first section, could be seen that the first acceleration peak of the
impact test could be good modeled with a calibration factor of κ=1,5. Nonetheless, for low
values of the diameter of the beam, this simplification can be inaccurate. Probably, the radius
of influence of the joint also depends on the diameter of the beam and in this case, it has been
taken as a constant. However, this project, as the first work in this field, simulates accurate
enough the response to the impact test. Furthermore, the plasticity of the model was not good
modeled since the maximal stresses were exceeded in the simulation and the structure did not
break in the reality.
In addition, in the study on the 3D-printed shoes, the two shoes used for the subjective test
are compared. The conditions of the comparison are not the same conditions of a gait. In this
case, the weight of the impact is much smaller than the weight of a subject and the hell has
an additional cushioning. Nonetheless, it can be seen that the dissipation rate and the peak
accelerations of the 3D-printed shoe are around a 50% higher than the observed values for the
baseline shoe.
Finally, the mechanical properties of the elastomer used for the running shoes have a hyper-
elastic behavior. This means that the elastic force does not follow a linear relation with the
deformation. This implies that the mechanical properties obtained by the test impactor cannot
easily be extrapolated to the mechanical properties in real running conditions. These depend
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on the running pace, technique, and weight of the runner. Nevertheless, it was not possible to
measure the mechanical properties of the trail running shoes for conditions closest to the reality.
However, the lattice structures present a similar hyperelastic behavior. Moreover, the conditions
for the measurement of the cushioning properties have been respected for all the running shoes
and lattice structures.
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6 Study on Discomfort
In total seven healthy participants (between 20 and 32 years) without lower extremity injuries
have been studied. Any subjects do not have injuries or operations during the last year. Any
subject was a professional runner but they practice at least 1 hour of sport per week. The
admitted subjects have a shoe size between EU37 and EU39 which corresponds to a foot length
between 229 mm and 246 mm. In one case, the foot length was larger than 246 mm and the
subject experience pain in the toes. For this reason, the results of this subject had to be ended
and were not taken into account for the discussion. Table 6.1 summarizes all the variables
studied in the subjective test.
Table 6.1: Definition and explanation of each subjective test variable.
Subjects
Variable 1 2 3 4 5 6 7
Age [y] 24 20 20 20 32 24 31
Weight [kg] 53 45 60 54 62 53 53
Height [m] 1.59 1.56 1.68 1.68 1.67 1.65 1.59
Foot Length [mm] 235 230 232 232 247 233 234
Hours Run [h] <1 <1 2-3 <1 <1 <1 <1
Hours Sport [h] 1-3 3-5 3-5 1-3 1-3 1-3 1-3
Injuries N N N N N N N
Operation N N N N N N N
Tactile Perception ¬ 6 ¬ 0 ¬ 6 ¬ 6 ¬ 3,6 ¬ 6 ¬ 3,6
Pain N Y N N Y N N
Difference Y Y Y Y Y N Y
Difficulty [mm] 100 96 27 84 - 83 93
Fit F [mm] 84 93 39 49 - 65 98
Cushioning C [mm] 90 48 40 50 - 51 79
Cushioning FF FC [mm] 100 39 33 48 - 61 81
Cushioning RF RC [mm] 98 68 34 24 - 59 82
Stiffness SF [mm] 21 46 63 48 - 32 12
Stability SB [mm] 82 79 54 70 - 54 35
Overall OC [mm] 94 73 51 46 - 62 82
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The first step to analyze the results of the questionnaire that have been measured with VAS is to
find out the nature of the statistical distribution. Firstly, the normality of the population will be
proved with the Shapiro–Wilk test. In this test, the p-value is compared to the alpha level, also
called significance. In this case, if the p-value is lower than a significance of 0.05 the normality
hypothesis will be rejected. The low number of analyzed subjects can influence the analysis
of the results. Nonetheless, the results of the questionnaires will be discussed in the following
sections.
6.1 General shoe perception
All the subjects noticed differences between the prototype shoe and the baseline shoe. Two of
them notice pain by running with the prototype shoe. In one case, the shoe was too small for the
subject and this noticed pain in the toes. The insole of the two tested shoes was approximately
the same. This difference in the pain perception may be due to the stiffness of the tip of the
shoe. The other subject noticed a slight discomfort in the forefoot. One possible explanation is
that the subject hat the most tactile sensitivity.
6.2 Discomfort perception
For the analysis of the discomfort perception, the results of the subject 5 are dismissed. All the
variables related to the discomfort perception have fulfilled the normality hypothesis. In table
6.2 summarizes the mean value µ , the standard deviation σ , the variance σ2 and the range R.
Figure 6.1 shows a box diagram.
Table 6.2: Values of relevant statistical variables for the discussion of the study on discomfort.
Variable p-value µ σ σ2 R
F 0,528 71,333 24,188 585,067 59
C 0,141 59,667 19,927 397,067 50
FC 0,621 60,333 25,905 671,067 67
RC 0,863 60,833 28,145 792,167 74
SF 0,895 37,000 18,889 356,800 51
SB 0,566 62,333 17,941 321,867 47
OC 0,844 68,000 18,472 341,200 48
According to the results, all the variables have a perceived discomfort of less than a 50%. The
less uncomfortable variable is the fit of the shoe. In contrast, the most uncomfortable variable
is the cushioning.
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Figure 6.1: Boxplot of the discomfort perception variables: overall discomfort, cushioning
(general, the rearfoot and in the forefoot), fit, stiffness and stability.
The correlation of Pearson has been calculated to find influences between variables. Firstly, the
correlations between general, rearfoot, forefoot cushioning and stiffness has been studied. It
has been found a big correlation between the general cushioning perception and the cushioning
perception in the forefoot region of a ρx,y=0,97 with a significance of sig=0,001. Moreover, it
has been observed a correlation between the general cushioning perception and the cushioning
perception in the rearfoot region of a ρx,y=0,839 with a significance of sig=0,037. Nonethe-
less, the significance between the cushioning perception between the two regions was not big
enough to indicate a correlation sig=0,052 between the variables. The results also show a corre-
lation between the perception of cushioning and the stiffness ρx,y=0,876 with a significance of
sig=0,022. Secondly, it is proved if the overall discomfort perception has a correlation with the
other variables. The test of correlation of Pearson shows that the overall perceived discomfort
has a correlation with the cushioning ρx,y=0,869 (sig=0,024) and the fit ρx,y=0,846 (sig=0,034).
The stability does not seem to affect the overall discomfort perception since its significance is
sig=0,978. In the objective data, it has been seen that the peak of acceleration depends on the
kinetic energy before the impact. For this reason, the correlation between the weight of the sub-
ject and the perceived stiffness has been studied. As a result of the significance is sig=0,607 any
correlation is found. Moreover, the correlation between the tactile perception of the foot and
the cushioning has been studied. Any correlation with the tactile perception and the cushioning
perception could be seen. Finally, the correlation between the fit perception and the foot length
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is analyzed. It has not been seen a correlation between these two parameters. One possible
explanation could be that the fit discomfort perception increases when the foot length is too big
or too small for the shoe size.
The subjects estimate a stiffness of the shoe prototype with a mean value of a 54,16% bigger
than the baseline shoe. The results with the impactor indicated a difference between peak ac-
celerations of a 39.61% for the objective test conditions. In the study on cushioning, it has been
noted that the difference between peak accelerations increases with the height of impact and
weight. Therefore, the perception of the stiffness can have a correlation with the objective tests.
For a better understanding of the stiffness perception, the peaks of force could be measured with
a pressure insole system.
6.3 Observations of the subjects
The majority of respondents accord with the valuation that the prototype shoe was poor in the
fastening of the ankle. Moreover, this region of the prototype broke several times during the
tests. Nonetheless, the subjects gave positive feedback the fastening of the lacing and the good
adjustment of the foot with the socks of the shoes. Several subjects transmit good feedback
about the form of the midsole. The rocker angle and the position of the apex were the most
mentioned aspects. Moreover, one subject reported that the shoes were very light, which agree
with the reality in 13g.
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The master thesis "Effect of 3D-Printing midsole on discomfort among runners" is a pilot
project for the Technische Universität München on the field of additive manufacturing applied
in sports footwear. From this master thesis, several conclusions of the 3D-printed midsoles can
be drawn and new fields of investigation can be identified.
7.1 Conclusions
First of all, the dimensions of the running shoes were a big limitation on the selection of the
3D-printer. The build dimensions of the additive manufacturing machines use to be smaller
than the maximal length of adult shoes. For this reason, the SLA-printer Form 2 from Formlabs
was dismissed. Moreover, the FDM-printers are not accurate enough to print lattice structures
with beam diameters below 2 mm without support material. For that reason, the SLS-printer
Formiga P110 from EOS was chosen for the fabrication of the shoe prototypes. The maximal
horizontal printable length of the Formiga P110 is of 320 mm in a diagonal axis. Nonetheless,
a scale of a 90% had to be applied to the shoes in size 42. However, the scale could be avoided
by rotating the shoes in a horizontal axis or by printing the shoes vertically.
Second, the material selection was also a big restriction. As seen in chapter 2.5.5, SLS-printers
can use diverse materials. The flexible PrimePart ST (PEBA 2301) from EOS would be the
most desirable material for printing the midsoles because of its high elasticity and strength.
Nevertheless, it was not possible to print with this material and the shoes could only be printed
with PA12 (PA2200 Performance 1.0). On the one hand, it was initially wanted to achieve a
lattice structure with similar cushioning properties to the analyzed running shoes. This first
wish was not possible due to the fact that the material broke or was plastically deformed for low
values of beam diameter. The shoe prototype was about a 50% stiffer than the baseline shoe. On
the other hand, the shoe prototype broke in the structure for hell fastener and the structure for
the lacing. In those regions, the structure had to be reinforced with a synthetic fabric. Another
option for the reinforcement of these regions would be to increase the thickness in the design.
The scale applied to the impression of the shoes also affected negatively to the ultimate strength
of those parts. Moreover, despite the subjective study on the discomfort of the prototype shoes
indicates that the discomfort was related to low values of cushioning, the high stiffness of the
lattice structures printed with PA12 could influence negatively to the decision to buy.
Third, despite the problems with the impression of the midsoles, one pair of shoe prototype
could be manufactured. This first prototype could be used for the study on discomfort with
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several subjects. The respondent gave positive feedback about the discomfort sensation of the
shoe prototypes. The most relevant issues were found in the upper part of the shoe. Like many
researchers, no relation between the discomfort perception and the stiffness of the shoes could
be found. Nonetheless, the dissipation rate seems to have a negative influence to the discomfort
perception. For more meaningful results, it would be desired to make more discomfort test.
This was not possible due to the deadline and the break of the hell fastener of the prototype.
Finally, the cushioning properties of the lattice structures were studied with an impact test. The
results have shown that these properties vary with the kinetic energy of the impact. This means
that the properties are influenced by the weight of the sphere of the impactor and the drop
height. In a real condition, the properties would be influenced by the weight of runner and the
drop height, the pace and the displacement of the foot during the gait. Due to the low number
of analyzed drop heights, it could not be found any extrapolation model. Nonetheless, this
project could understand the cushioning properties of the lattice structures and the differences
between different beam diameters. Moreover, the lattice structures could be simulated with
finite elements with a quite accurate prediction.
7.2 Further Research
If we conceive this project as a pilot work, several improvements and research in many as-
pects can be done. Firstly, as explained in the introduction, additive manufacturing applied to
footwear enhance a personalized fit and cushioning properties of the 3D-printed shoes. With
regard to the fit, with additive manufacturing could be easily analyzed how the geometry of the
midsole and the morphology of the foot influence to the discomfort perception. As seen in the
literature research, there are a great many measurements that can be obtained. Another further
research could be to analyze the plantar pressure of the gait and study how the geometry and the
stiffness of the shoe affect the discomfort perception. In this sense, it could also be developed
software which analyzes the foot variables and generates automatically the midsole geometry.
The advantage of additive manufacturing is that this technology permits to manufacture several
equal prototypes, except for only a variable.
In this project, the first prototype of a 3D-printed shoe was fabricated. Thus, the prototype
could be improved in next researches. The critical regions of the shoe prototype were in the
upper part. So, an upper part for this shoe could be developed or the concept of the upper of
this shoe could be improved. Finally, it was only possible to print the shoes with one lattice
structure. It would be interesting to have differently printed midsoles with different lattice
structures and test the discomfort perception between them. Moreover, a midsole with different
7 Conclusions and Further Research 89
lattice structures in separate regions could also be designed. This last possible research could
explore the effect of the stiffness and the discomfort perception with success. Selective laser
sintering with polyamide 12 was the final technology used for the fabrication of the midsoles.
It would be interesting to analyze the discomfort perceptions with midsoles manufactured with
other technologies and materials. In this way, other cushioning properties could be achieved.
Finally, in this project, the lattice structures are modeled with finite elements. Nonetheless, the
simulations have some simplifications concerning the material. One possible research would be
to develop the model of lattice structures to simulate the dissipation rate or the impact with the
hell instead of the sphere of the impactor. For this, it is important to measure and analyze the
bulk material of the 3d-print.
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D.1 Cushioning properties with SLA
MakerSpace is a High-tech workshop, which offers UnternehmerTUM GmbH access to the
machines, tools and software. MakerSpace has two types of 3D-printers, stereolithography
(SLA) and Fused Deposition Modeling (FDM). As seen in chapter 2.5, SLA can print with
flexible materials. SLA-printer from Formlabs® Form 2 have been chosen for the fabrication
of the different samples. In the following table D.1, the relevant printing properties and design
specs of the Form 2 for the design of the samples are shown (Formlabs, 2018):
Table D.1: Relevant printing properties and design specs of the Form 2
Build Volume 145 x 145 x 175 mm
Layer Thickness 25, 50, 100 microns
Lazer Spot Size 140 microns
Minimum Supported Wall Thickness 0,4 mm
Minimum Unsupported Wall Thickness 0,6 mm
Maximum Unsupported Overhang Length 1,0 mm
Minimum Unsupported Overhang Angle 19 º
Minimum Vertical-Wire Diameter 0,3 mm
Minimum Embossed Detail 0,1 mm
Minimum Engraved Detail 0,4 mm
Minimum Clearance 0,5 mm
Minimum Hole Diameter 0,5 mm
Minimum Drain Hole Diameter 3,5 mm
As it can bee seen in the previous table, Form 2 is not able to print a whole midsole, which has a
length of approximately 290 mm. Despite of this fact, some samples have been printed in order
to see the subjective sensations of a sample printed with SLA.
The chosen material is the flexible resin FlFLGR02, which is suitable for cushioning and damp-
ening applications. Its mechanical properties are summarized in table D.2 (Formlabs, 2017a).
Table D.2: Mechanical properties of the flexible resin from Formlabs® (Formlabs, 2017a)
Mechanical Properties Method
Ultimate Tensile Strength 3.3-3.4 MPa ASTM D 412-06 (A)
Elongation at Failure 60% ASTM D 412-06 (A)
Compression Set 0.4% ASTM D 395-03 (B)
Tear Strength 9.5-9.6 kN/m ASTM D 624-00
Shore Hardness 70-75 A ASTM 2240
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Figure D.1: Samples printed with flexible resin in the SLA-printer from Formlabs.
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D.2 Design of Lattice Structures with Grasshopper
The design of the lattice structures have been done with Grasshopper 3D, an algorithmic model-
ing tool for Rhinoceros 3D, and its free license plugins Crystallon, Intra|Lattice and Weaverbird.
The algorithmic model for the generation of the samples is represented in figure D.2 and the
algorithmic model for the generation of the midsole is represented in figure D.4
Figure D.2: Algorithmic model for the generation of the samples.
Figure D.3: Algorithmic model for the generation of the midsole.
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D.3 Advertisement
Es  c escrivint el meu projecte fi nal de màster sobre el confort de 
sabates de córrer impreses en tecnologia 3D. Per a aquest fi , neces-
sito que les provadores comparin les sabates impreses en 3D i unes 
sabates de córrer convencionals. És a dir, primer es provaran les 
sabates de córrer convencionals durant pocs minuts de carrera a rit-
me lent i després de córrer impreses en 3D. Finalment es passarà un 
formulari amb preguntes relacionades amb el confort de la sabata.
Moltes gràcies!
Marc Solé Whatsapp: +49 15774116113
Es busca: 
         
Durada:
Lloc:
Recompensa: 
ES BUSQUEN PROBADORES!
Noies  vament ac  ves amb una talla de 
peu 38 o 39.  
aprox. ½ hora
Parc A  c Tossols
-
-
-
Un parell de mitjons de córrer
Beguda i snacks 
Pa  cipar a un sorteig (1 parell de sabates de 
córrer de la marca Salomon)
Figure D.4: Advertisement for the recruitment of subjects for the subjective test.
